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ABSTRACT
This dissertation centers on the surface-modification of macroporous membranes
to make them selective adsorbers for different proteins, and the analysis of the
performance of these membranes relative to existing technology. Traditional
chromatographic separations for the isolation and purification of proteins implement a
column packed with resin beads or gel media that contain specific binding ligands on
their exposed surface area. The productivity of this process is balanced by the effective
use of the binding sites within the column and the speed at which the separation can take
place, in addition to the need to maintain sufficient protein purity and bioactivity.
Because of the nature of the densely packed columns and, in the case of resin columns,
the limited access to the binding sites internally located within the resin, the operating
speed of this separation process may be constrained by mass-transfer and pressure
limitations. Other constraints include the time-intensive measures taken to properly pack
the columns, and the challenges associated with scaling chromatography columns to
industrial-sized processes. Because of the excellent selectivity, chromatography processes
are the workhorse for biopharmaceuticals drugs, and other plant- and animal- based
protein products. Thus, there are many markets that could benefit by improvements to
this technology.
My strategy focused on modifying porous membranes with surface-initiated atom
transfer radical polymerization (ATRP) to grow polymer chains containing functional
groups that target three different protein-ligand interactions for three different types of
chromatography: cation-exchange, carbohydrate affinity, and Arginine-specific affinity
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chromatography. Although each of these types of separation has different challenges and
different possibilities for impact among their unique applications, they all have the
common need for a stationary phase platform with the potential for fast separations and
specific interactions.
The common approach used in these studies, which is using membrane
technology for chromatographic applications and using ATRP as a surface modification
technique, will be introduced and supported by a brief review in Chapter 1. The specific
approaches to address the unique challenges and motivations of each study system are
given in the introduction sections of the respective dissertation chapters.
Chapter 2 describes my work to develop cation-exchange membranes. I discuss
the polymer growth kinetics and characterization of the membrane surface. I also present
an analysis of productivity, which measures the mass of protein that can bind to the
stationary phase per volume of stationary phase adsorbing material per time. Surprisingly
and despite its importance, this performance measure was not described in previous
literature. Because of the significantly shorter residence time necessary for binding to
occur, the productivity of these cation-exchange membrane adsorbers (300 mg/mL/min)
is nearly two orders of magnitude higher than the productivity of a commercial resin
product (4 mg/mL/min).
My work studying membrane adsorbers for affinity separations was built on the
productivity potential of this approach, as articulated in the conclusion of Chapter 2.
Chapter 3 focuses on the chemical formulation work to incorporate glycoligands into the
backbone of polymer tentacles grown from the surface of the same membrane stationary
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phase. Emphasis is given to characterizing and testing the working formulation for ligand
incorporation, and details about how I arrived at this formulation are given in Appendix
B. The plant protein, or lectin, Concanavalin A (conA) was used as the target protein.
The carbohydrate affinity membrane adsorbers were found to have a static binding
capacity for con A (6.0 mg/mL) that is nearly the same as the typical dextran-based
separation media used in practice. Binding under dynamic conditions was tested using
flow rates of 0.1−1.0 mL/min. No bound lectin was observed for the higher flow rate.
The first Damkohler number was used to assess whether adsorption kinetics or mass
transport contributed the limitation to conA binding. Analyses indicate that this system is
not limited by the accessibility of the binding sites, but by the inherently low rate of
adsorption of conA onto the glycopolymer.
The research described in Chapter 4 focuses on reaction chemistry experiments to
incorporate a phosphonate-based polymer in the membrane platform to develop a new
class of affinity adsorbers that function based on their affinity for Arginine (Arg) amino
acid residues. The hypothesis was that benzyl phosphonate-containing functional
polymers would form strong complexes with Arg-rich proteins as a result of multivalent
binding. Introducing a new class of affinity membranes for purification of Arg-rich and
Arg-tagged proteins may have an impact similar to the introduction of immobilized metal
ion affinity chromatography (IMAC), which would be a significant achievement. Using
Arg-tags would overcome some of the associated drawbacks of using metal ions in
IMAC. Additionally, some cell penetrating peptides are said to be Arg-rich, and this
would be a convenient feature to exploit for their isolation and purification. Lysozyme
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was used as a model Arg-rich protein. The affinity membranes show a static binding
capacity of 3 mg/mL.
This dissertation is a demonstration of the potential and challenges associated
with development of membrane materials for cation-exchange chromatography for
protein capture, affinity purification of conA and other lectins, and affinity separations
targeting Arg-rich regions of proteins and peptides.
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CHAPTER 1	
  
INTRODUCTION
1.1 Membrane chromatography for protein purification
The FDA has approved on average 33 new molecular entities (NMEs) and
biologics each year in the last decade, with the 2013 combined US sales “five years after
launch” of these drugs in the neighborhood of $20bn (Brown, 2014). Whether the
segment is big pharma, biotech, emerging pharma, specialty pharma, or emerging
biotech, monoclonal antibodies (mAb) and other proteins rank among the top two
relevant categories of biobased therapies, and will require improved infrastructure and
process-development capabilities to support segment growth (Cocker, 2012). This
translates to a significant financial investment in manufacturing and scale-up
technologies that can meet the market demand by producing therapies efficiently while
delivering the highest quality products.
The worldwide market for biosimilars is expected to grow to $3.7bn by 2015,
compared to $243m in 2010 as patented drug technologies expire, which some companies
view as an opportunity (Beasley and Richwine, 2011). This places more pressure on big
pharma to tighten their budgets, so they can offer competitive prices to their customers
while maintaining the profit margins needed to fund the development of new products.
Downstream processing is an important piece of the manufacturing and process
development sectors of bioprocesses. After the host cell produces the desired biologic
(mAb, protein, peptide, etc.) in upstream processing, the media undergoes a series of
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purification steps. These include cell removal or clarification, typically by centrifugation
or depth filtration, and then product capture, intermediate purification, and polishing to
arrive at a highly concentrated pure therapeutic in a saline solution that can be injected
into the bloodstream. Bind-and-elute and ion-exchange chromatography are the
workhorses for the capture and later steps, and can amount to 50-90% of the total
production costs.
The traditional bind-and-elute chromatography processes have a stationary phase
that consists of a packed column of mesoporous resin beads functionalized with ligands
to selectively interact with the target protein. While this platform is the industry standard,
it has several drawbacks that deserve attention. The mode of transport for the target
protein to find the functional ligand, or binding site, is limited by diffusion of the protein
through the resin pores. To enable high fractional loading of the resin beads, the process
is constrained to long residence times, which has several adverse consequences. From an
economical standpoint, long operation times means low product throughput. Long
residence times can be detrimental to product yield, as proteins can be degraded by
proteases and other toxins present in the feed before protein capture and virus removal.
Additionally, the time and technique involved in packing columns to avoid channeling is
not trivial, as the bed diameter can reach 2 m in diameter.
Membrane materials hold great promise as an alternative to resins for bind-andelute chromatography. Their open structure enables proteins to be transported to the
binding sites by convective flow, which means increased product throughput is attainable
by simply increasing the flow rate. Membranes may even be cost-effective enough to be
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considered disposable, reducing the need for aggressive chemical washes and column
preparation time between product lots.
Membranes present challenges as well. Without intervention, they have low
binding capacity due to their inherently lower surface area to volume ratio compared with
a packed column of mesoporous spherical resins. There are challenges with achieving
even flow distribution across the cross-section of the column to maintain high separation
resolution in large-scale applications, although stacking membranes improves the flow
distribution (Etzel, 2003). While membranes have been used in flow-through mode for
removal of trace impurities such as DNA, host-cell proteins, endotoxins and virus
particles, because of these perceived challenges, they have not been given much
consideration for use in bind-and-elute product capture until recently. A published Bayer
Healthcare (Vogel et al., 2012) study nicely summarized these challenges and
opportunities and proposed a new platform process for complex biopharmaceutical
production that utilized anion-exchange membranes in place of packed-bed resins for
chromatography. The results were a product yield improvement of 40% and consistently
higher product quality. Challenges and opportunities specific to the different types of
applications I have studied are presented in the following section.

1.2 Purification challenges and developing strategic solutions
1.2.1 Protein Capture of Monoclonal Antibodies
Oftentimes, an expensive affinity chromatography medium is used for protein
capture, when the primary objective is to isolate the product from solution and reduce the
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volume for more efficient subsequent purification processes. In the case of monoclonal
antibody (mAb) production, Protein A affinity resins are used as the selective material,
with a cost that accounts for over half of the total material costs of purification (Kelley et
al., 2007). Relative to other, non-affinity chromatography media, Protein A resins cost
almost an order of magnitude more (Han et al., 2011). Within the last 10 years, there have
been efforts to replace Protein A chromatography with less-costly non-affinity methods,
such as ion-exchange chromatography steps in series. One embodiment uses cation
exchange (CEX), followed by anion exchange (AEX), and then hydrophobic interaction
chromatography (HIC) (Follman and Fahrner, 2004; Grzeskowiak et al., 2009) to
significantly reduce purification costs. However, to achieve a high enough dynamic
binding capacity for a single-cycle capture step using current resin beads, one needs to
use low volumetric throughput (i.e., high residence time) (Kelley, 2007), which limits
productivity.
One strategic approach to reduce the cost and time associated with Protein A
resins lies in developing CEX and AEX membrane adsorbers for use in bind-and-elute
chromatography steps. Former group member, Dr. Bharat V. Bhut, made AEX membrane
adsorbers the focus of his research (Bhut et al., 2008; Bhut and Husson, 2009; Bhut et al.,
2010; Bhut et al., 2011; Bhut et al., 2011). The first part of my work was motivated by
the desire to extend this effort by developing CEX membranes for protein capture. CEX
chromatography is commonly used immediately following Protein A chromatography, as
AEX binds DNA and other negatively charged impurities.
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1.2.2 Lectin purification
Lectins are proteins that associate with sugars through specific, affinity type
interactions. In the past three decades, the importance of these plant-derived proteins has
evolved from being the focus of nutritional studies to becoming the tool for investigating
cell surface sugars (Sharon, 2007). Because of their carbohydrate-specific affinity, lectins
are used to assess the role of cell surface sugars in cell growth and differentiation.
Additionally, lectins can be used to distinguish between the same protein with differing
number of sugar residues, i.e., different degrees of sialylation. When tethered to
stationary chromatography media, lectins have been shown to separate antibodies with
differing anti-inflammatory activity (Kaneko et al., 2006) for glycoprotein purification.
One particular lectin of interest is Concanavlin A (conA), a plant-derived protein
from Canavalia ensiformis. Since it was isolated through carbohydrate affinity
chromatography by Agrawal and Goldstein in 1967 (Agrawal and Goldstein, 1967), it has
become the basis for many applications, including immobilized lectin affinity
chromatography, which incorporates conA onto the stationary phase for the purification
of glycoproteins and glycopeptides (West and Goldring, 2004). Because no known
review of the subject has been published in the last decade, a brief review of advances in
materials and processes for conA affinity chromatography is given here. For a broader
look at methods used for immobilizing lectins onto chromatography media, see the
review by Monzo et al. (Monzo et al., 2007).
Clemmitt and Chase (Clemmitt and Chase, 2003) investigated the roles of
operating variables and established optimal parameters for designing expanded bed
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columns for high capacity and high efficiency capture of specific glycosylated cells.
Rosenfeld et al. (Rosenfeld et al., 2005) prepared various resin support substrates with
immobilized conA and found the silica based resins gave the highest surface converage
of conA, perhaps due to the large specific area and pore size diameter. Reichelt et al.
(Reichelt et al., 2012) describe efforts to improve the throughput of lectin affinity
chromatographic media, including the development of monolithic spin-type columns that
employ conA for enriching and purifying glycan mixtures. Babac et al. (Babac et al.,
2006) attached conA to the stationary phase of a monolithic cryogel and demonstrated the
capture of large proteins with specific sugar moieties from complex feeds, such as IgG
and other blood proteins from blood plasma. Lectin functionalization of magnetic
nanoprobes showed a 5 times higher affinity for two glycoproteins from human body
fluids, fetuin and ovalbumin, than did commercially available Sepharose immobilized
with ConA and showed low nonspecific binding (Ferreira et al., 2011).
The growing utility of lectin affinity chromatography that uses conA as stationary
ligand motivates this area of my research, to develop affinity membrane adsorbers using
synthetic ligands to efficiently bind conA.
1.2.3 Selecting for Arg-rich proteins and peptides
Advances in anti-cancer drugs have lead to protein chemotherapeutics that work
by targeting abnormal proteins expressed within cancer cells, rather than by killing
rapidly-dividing cells, some of which might be healthy. A challenge in the development
of these new protein therapeutics is delivering them successfully into cells (Fuchs and
Raines, 2005). One approach is to make use of cell-penetrating or cell-permeable
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peptides (CPPs) by fusing the peptide to the protein therapeutic, enabling both to enter
the cell (Beerens et al., 2003; Green et al., 2003). One CPP is the TAT peptide
(GRKKRRQRRRPQ), which is rich in arginine (R) and is a well-studied fragment of the
HIV transactivator protein. The large number of arginine units that facilitate transmembrane transport of the chemotherapeutic also serve as a target for developing a
purification strategy for CPPs.
As mentioned earlier (Section 1.2.1 ) affinity chromatography with Protein A can
be costly because the binding ligand is a protein itself that requires isolation and
purification. Another alternative to Protein A is immobilized metal ion affinity
chromatography (IMAC), in which histidine-rich regions within the protein or His-tags of
fusion proteins have an affinity for metal ions (Huse et al., 2002).
Beyond the utility for obtaining CCPs, a separation technique that targets binding
an Arg-tag may be preferable to binding the widely used His-tag, a metal ion-based
affinity group. For example, IMAC employs chelated Ni(II) or Zn(II) ions that can leach
metal ions into solution, causing protein loss and lower protein yields (Ueda, et al.,
2003), as well as posing a health risk, as Ni(II) and Co(II) are known carcinogens
(Beyersmann, 2002). Additionally, Arg residues generally are located on the outer
surfaces of proteins, making them more accessible for binding than His (Garberc-Porekar
and Menart, 2001).
One chemistry that has been shown to have a strong affinity for Arg-rich proteins
is the “Arginine tweezer” formed by polymeric bisphosphonates (Renner et al., 2006;
Wenck et al., 2007, Arendt et al., 2006). Covalently attaching a similar molecule to the
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surface of the stationary phase may be a less hazardous and more efficient way to purify
proteins bearing Arg-tags or Arg-rich regions. This work is motivated by the prospect of
using this chemistry in conjunction with the high-throughput membrane platform to
contribute to the development of a new chromatographic separation medium for the
isolation and purification of Arg-rich proteins and peptides.

1.3 Grafting polymer tentacles via surface-initiated polymerization to enhance
protein binding within macroporous membranes
To contribute toward the development of membrane adsorbers for
chromatographic separations, I address the issue of low binding capacity by grafting
polymer tentacles via surface-initiated atom transfer radical polymerization (ATRP).
Surface-initiated ATRP is a widely used surface modification technique (Ran et al., 2014)
and has been used extensively in the formulation of membrane adsorbers for protein
isolation and purification (Singh et al., 2008; Bhut and Husson, 2008; Bhut and Husson,
2009; Wang, et al., 2009; Jain et al., 2010; Menkhaus et al., 2010; N. Anuraj, et al.,
2012,; Bhut et al., 2011, pp. 2645–2653; Bhut et al., 2011, pp. 2654–2660; Wei et al.,
2013; Himstedt et al., 2013; Wang et al., 2013).
ATRP is suitable for incorporating cation-exchange groups, glycoligand affinity
groups, as well as phosphonate affinity moities onto membranes for the same reasons it
has been a successful method for constructing membrane adsorbers for other
chromatographic processes, which have been discussed in detail previously (Bruening, et
al., 2008; Singh, et al., 2008). Namely, surface-initiated ATRP methods provide the
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ability to optimize and control the grafting density and chain length of low-polydispersity
polymers without significantly altering the substrate structure, and without initiating
solution-phase polymerization that can lead to pore blocking.

1.4 Outline of the dissertation
The goal of my doctorate work was to design adsorbers for three unique types of
chromatography for bioseparations. My approach used membranes to achieve high
productivity and employed atom transfer radical polymerization (ATRP) as a technique
for surface-modification to achieve enhanced binding capacities. My dissertation consists
of three areas of study: 1) development and characterization of cation-exchange adsorbers
for protein capture, including a study of the effect of membrane pore size, 2) generation
of glycopolymer-grafted membrane adsorbers for lectin binding, including an analysis of
binding kinetics and mass transport, and 3) creation of membranes modified with a
phosphonate ligand for the development of a new class of separation media that targets
Arg-rich regions on proteins and peptides. These studies are discussed in Chapters 2-5.
My first study (Chapter 2) used membranes modified with poly(3-sulfopropyl
methacrylate, potassium salt) tentacles, to create a high density of protein binding sites.
Solubility issues and catalyst-monomer compatibility led me to use a special formulation
in which the monomer was protected by a crown ether to enable surface-initiated ATRP
of this cationic polyelectrolyte. Successful modification was supported by chemical
analysis using Fourier-transform infrared spectroscopy and indirectly by measurement of
pure water flux as a function of polymerization time. Uniformity of modification within
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the membranes was visualized with confocal laser scanning microscopy. Dynamic
binding capacities were measured for flow rates ranging from 13 to 109 column volumes
(CV)/min. Results show that this unique ATRP formulation can be used to fabricate
cation-exchange membrane adsorbers with dynamic binding capacities as high as 70
mg/mL at a throughput of 100 CV/min and unprecedented productivity of 300
mg/mL/min. Membranes of three reported nominal pore sizes (0.2, 0.45, 1.0 µm) were
used to evaluate how this might influence performance.
My second study (Chapter 3) details the design and testing of affinity membrane
adsorbers for lectin purifications that incorporate glucose-containing glycopolymers.
Glycopolymer 'tentacles' were grafted from macroporous regenerated cellulose
membranes by ATRP. As demonstrated by my earlier work (Chapter 2), this design
approach can be used to prepare high-productivity membrane adsorbers. The model
lectin, concanavalin A (conA), was used to evaluate membrane performance in bind-andelute purification, using a low-molecular weight sugar for elution. The membrane
capacity for binding conA was measured at equilibrium and under dynamic conditions
using flow rates of 0.1 and 1.0 mL/min. The first Damkohler number was estimated to
relate the adsorption rate to the rate of convective mass transport through the membrane
bed, indicating the binding is limited by the slow rate of adsorption of conA onto
glycoligands.
Chapter 4 discusses my final study. The goal was to develop a polymeric affinity
membrane that could be used to purify Arg-rich proteins, including TAT-protein
conjugates, via capture chromatography. Membranes were prepared by grafting polymer
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tentacles bearing diethyl-4-aminobenzyl phosphonate ligands from the surface of
regenerated cellulose macroporous membrane supports by ATRP. The hypothesis was
that benzyl phosphonate-containing functional polymers would form strong complexes
with Arg-rich proteins as a result of multivalent binding. Different reaction conditions
were tested to determine how best to incorporate diethyl-4-aminobenzyl phosphonate
along the poly(glycidyl methacrylate) backbone. The benzyl phosphonate reaction was
studied by analysis of attenuated total reflectance Fourier-transform infrared
spectroscopy measurements of the membrane surface. In parallel to membrane work,
silicon wafers were used as a model surface in attempt to quantify the conversion of
PGMA epoxide groups by measuring changes in polymer layer thicknesses and refractive
index with ellipsometry. Static protein binding capacities of 3 mg/mL were measured.
Chapter 5 summarizes the conclusions from my PhD work and presents
recommendations for future work.
Publications from this work at the time of dissertation submission include the
following with modifications:
1) H. C. S. Chenette, J. R. Robinson, J. R., E. Hobley, S. M. Husson, J. Memb. Sci., 423424, (2012) 43-52, Development of high-productivity, strong cation-exchange adsorbers
for protein capture by graft polymerization from membranes with different pore sizes.
(Associated with Chapter 2)
2) H. C. S. Chenette, S. M. Husson, Membrane adsorbers comprising grafted
glycopolymers for targeted lectin binding, submitted as an invited contribution to a
special issue of J. Appl. Polym. Sci. (Associated with Chapter 3)
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3) H. C. S. Chenette, S. M. Husson, Affinity membrane adsorbers for binding argininerich proteins, in preparation. (Associated with Chapter 4)
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CHAPTER 2	
  
DEVELOPMENT OF HIGH-PRODUCTIVITY CATION-EXCHANGE MEMBRANES
FOR PROTEIN CAPTURE BY GRAFT POLYMERIZATION
2.1 Introduction
The global market for protein-based therapeutics continues to grow. According to
an analysis by FirstWord Pharma (FirstWord Pharma, 2013), twelve of the top 50 largest
growth drivers were monoclonal antibodies (MAbs) or fusion proteins, which are
forecasted to generate a combined absolute annual sales growth of $20.3bn over a 5 year
period. According to the Spotlight article, only three of these twelve are considered new
launches, which underscores the challenges pharma companies face to beat out first-tomarket players.
Commonly, a majority percentage of the total cost of manufacturing a
biotherapeutic is attributed to the downstream recovery and purification process. To
provide affordable drug treatments to patients, especially for chronic and high dose
treatments, the biopharmaceutical industry needs highly productive unit operations in the
downstream train.
Chromatography is a standard unit operation used industrially for the downstream
processing of protein therapeutics. It often is used in the primary recovery step, where the
goals are to reduce the processing volume and provide some level of purification by
capturing the target protein, and in intermediate and final purification steps that result in a
purified injectable therapeutic protein. Oftentimes, an expensive affinity chromatography
medium is used for protein capture. In the case of monoclonal antibody (mAb)
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production, Protein A affinity resins are used as the selective material, with a cost that
accounts for over half of the total material costs of purification (Kelley et al., 2007).
Relative to other, non-affinity chromatography media, Protein A resins cost almost an
order of magnitude more (Al-Rubeai, 2011). Within the last 10 years there have been
efforts to replace Protein A chromatography with less-costly non-affinity methods, such
as ion-exchange chromatography steps in series. One embodiment uses cation exchange
(CEX), followed by anion exchange (AEX), and then hydrophobic interaction
chromatography (HIC) (Follman and Fahrner, 2004; Grzeskowiak et al., 2009) to
significantly reduce purification costs. However, to achieve a high enough dynamic
binding capacity for a single-cycle capture step using current resin beads, one needs to
use low volumetric throughput (i.e., high residence time) (Kelley, 2007), which limits
productivity.
Membrane chromatography is one possible solution to achieve high dynamic
capacity at high throughput in affinity and ion-exchange chromatography processes. As a
result, there is a trend towards studies of adsorptive membrane technology for antibody
purification (Gagnon, 2012). Additionally, the possibility of using non-affinity membrane
methods for protein capture and purification has been examined, such as through highperformance tangential-flow filtration (van Reis and Zydney, 2007). Membranes also
have been considered for use in a single-use purification process for the production of a
mAb (Kuczewski et al., 2011). In this process, a CEX membrane adsorber is used in
bind-and-elute mode following a precipitation/dissolution step. Polishing is done using
AEX and HIC membranes.
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The driver for consideration of membrane and monolithic adsorbers is that the
mass throughput for larger biologics can be greater through a substrate with a more open
pore structure, a defining characteristic that macroporous membranes and monoliths have
over resin beads (Etzel and Riordan, 2008). Convection controls the transport of protein
to the binding sites within the membrane, unlike the case with resin beads, where
transport is controlled by the intra-particle diffusion. This presents the following
advantages: dynamic binding capacities can be independent of volumetric flow rate, high
degrees of loading can be achieved with short residence times, and scale-up is made
easier (Thömmes and Etzel, 2007; Gebauer et al., 1997; Roper and Lightfoot, 1995). For
the same reason, resolution in membrane chromatography can be higher than resin
column chromatography under conditions of high loading (Bhut et al., 2010).
Although the potential for utilizing membranes is significant, a technical barrier
for broad implementation has been their lower binding capacities relative to resins,
resulting from lower surface areas per unit volume. Recent work by our group and others
has shown that this barrier can be overcome by grafting polymer tentacles from the pore
surfaces of commercial membrane supports. Direct performance comparisons made
between a tentacle-based anion-exchange membrane and a resin with the same anionexchange functionality showed that the membranes possessed higher static and dynamic
binding capacities and yielded higher peak resolution during product elution (Bhut et al.,
2010).
The structure of the grafted polymer layers is fundamental to optimizing protein
binding capacity. For example, spacers and cross-linking methods have been shown to
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improve binding capacity of weak cation-exchange membranes modified with photografted poly(acrylic acid)-based copolymers (Wang et al., 2009). Polymer degree of
grafting also impacts binding capacities (Ulbricht and Yang, 2005; Bhut et al. I and II,
2011). While there are a number of chemistries that can be used to attach polymer
tentacles from membrane surfaces, I implemented the grafting-from approach, which has
advantages for controlling polymer layer structure (Bruening et al., 2008).
Our group uses surface-initiated atom transfer radical polymerization (ATRP) and
AGET ATRP (Bhut et al. 2012) for reasons that have been discussed in detail previously
(Singh et al., 2008; Bruening et al., 2008). ATRP has been used successfully in the
development of membrane adsorbers for ion-exchange chromatography (Singh et al.,
2008; Bhut et al., 2008; Bhut et al. 2009; Wang et al., 2009; Bhut et al., 2010; Jain et al.
2010; Menkhaus et al., 2010; Bhut et al. I and II, 2011; Anuraj et al., 2012). Noteworthy
examples of cation-exchange membrane development using ATRP have come from
Baker, Bruening, and coworkers (Jain et al., 2010; Anuraj et al., 2012) who prepared 2(methacryloyloxy)ethyl succinate-modified membranes and obtained high static
lysozyme binding capacities of 76 ± 8 mg/mL using a stacked membrane adsorber and
120 mg/L in single-membrane measurements with solution residence times of merely 35
ms. Menkhaus and coworkers modified electrospun nanofiber membranes with
poly(acrylic acid) nanolayers and obtained lysozyme binding capacities of 2.5 mg/mg
membrane material with remarkably high permeance of 640 ± 80 L/(min m2 105 Pa).
Despite the success with ATRP in preparing cation-exchange membranes, there
remain formulation challenges that could hinder commercial application. Specifically,
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while water is most suitable for dissolution of dissociated cationic monomers, there are
unwanted side-reactions in water that include disproportionation (and loss) of the metal
catalyst [2 Cu(I)  Cu(0) + Cu(II)] and complexation of the metal by the monomer
anion. The former can be managed to some extent by proper selection of ligand
(Tsarevsky and Matyjaszewski, 2007) and the latter can be minimized by addition of an
alkali salt (Sanhke et al., 2007). Organic solvent systems avoid these undesired reactions,
but the undissociated form of the monomer is needed for solubility, and the amine-based
ligands commonly used in ATRP catalysts can form complexes with the undissociated
acid monomer. An alternative method was described by Xu et al. (2007) for solutionphase ATRP, in which a crown ether is used to coordinate the cation (e.g., potassium ion)
of the charged monomer to aid in dissolution of the monomer in an organic solvent
(where Cu(I) disproportionation largely can be avoided) and to prevent acid-base
complexation between the monomer and the catalyst ligand. In this work, I adopted this
strategy for the first time use in surface-initiated ATRP of strong cation-exchange
polyelectrolytes from membrane surfaces.
The goals of this research were (A) to produce cation-exchange membranes with
dynamic binding capacities that are competitive with current commercial products, and
capable of higher productivity (mg product/mL/min); and (B) to evaluate the impact of
membrane pore size on these metrics. Adsorptive membranes with various pore sizes
were prepared using surface-initiated ATRP to graft 3-sulfopropyl methacrylate,
potassium salt (SPMAK) from regenerated cellulose macroporous membranes.
Polymerization time was used to control the degree of grafting.
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To guide the membrane modification work, kinetic studies of surface-initiated
ATRP of SPMAK from silicon substrates were performed to measure the change in layer
thickness with polymerization time. The purpose of the kinetic studies was to find an
ATRP procedure (formulation and reaction conditions) that resulted in a consistent
nanolayer thickness that would be acceptable for membranes with pore diameters from
0.2 to 1.0 µm after a reasonable reaction time (not more than 24 h).

2.2 Experimental method
2.2.1 Materials
Regenerated cellulose membranes with nominal pore sizes of 0.2, 0.45, and 1.0
µm were purchased from Whatman, Inc. The manufacturer reported thicknesses are 75
µm for 0.2 and 0.45 µm pore size membranes, and 70 µm for 1.0 µm pore size
membranes. All membranes were 47 mm in diameter.
The following chemicals and solvents were purchased from Sigma-Aldrich (St.
Louis, MO) with purities reported in weight percent: 2-bromoisobutyryl bromide (2-BIB,
98%); copper (I) chloride (99.995%); copper (II) chloride (99.999%); dimethylsulfoxide
(DMSO, 99.9%); ethanol (99.5%); 1,1,4,7,10,10-hexamethyltriethylenetetramine
(HMTETA, 97%); 1,4,7,10,13,16-hexaoxacyclooctadecane (18C6, 99%); hydrochloric
acid (HCl, 37%, ACS grade) lysozyme (lyophilized powder, 90%); potassium chloride
(99%); potassium hydroxide (pellets, ≥85%); 3-sulfopropyl methacrylate, potassium salt
(SPMAK, 98%); and tetrahydrofuran, anhydrous (anhyd. THF, 99.9%). The following
chemicals and solvents were obtained from Fisher Scientific (Fairlawn, NJ): chloroform
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(HPLC grade), hydrogen peroxide (98%, ACS grade), phosphate buffered saline 1X
powder concentrate (Biotech Grade), tetrahydrofuran (THF, 99%),
tris(hydroxymethyl)aminomethane (Tris-base), water (HPLC grade). 2-Bromo-2methylpropionic acid (BPA, 98%) and sulfuric acid (96% in water) were purchased from
Acros Organics (Geel, Belgium). Poly(glycidyl methacrylate) (PGMA, MW 290,000
g/mol) was from the School of Material Science and Engineering at Clemson University.
Three buffers were used in the bind-and-elute experiments. A 50 mM Tris-base
solution was adjusted with HCl to pH 8 and used as the binding buffer (B). The elution
buffer (E) was created by adding 1 M KCl to the binding buffer solution. The wash buffer
(E2) was 0.3 M KOH. Distilled deionized water was obtained using a Milli-Q water
purification system (EMD Millipore, Bedford, MA) and used to prepare all buffer
solutions.
Single-side polished silicon wafers (1 cm × 3 cm) were purchased from Silicon
Quest International (Santa Clara, CA).
Membranes were stained for confocal laser scanning microscopy (CLSM) with
fluorescin-5-isothiocyanate Isomer 1 (FITC), purchased from Invitrogen (Eugene, OR),
which has excitation/emission wavelengths of 494 nm/518 nm. VECTASHIELD®
aqueous mounting medium was purchased from Vector Labs and used in mounting
samples for CLSM. Type A immersion oil (Nikon) specific to the objective lens was used
with the imaging system.
A phosphate buffered saline (PBS) solution (0.989 g/L) was prepared from the
bioreagent 1X powder concentrate and modified to pH 8 with sodium hydroxide,
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anhydrous (NaOH , ≥ 97%, Alfa Aesar, Ward Hill, MA).
2.2.2 Silicon wafer surface modification
Silicon wafers were cleaned and surface functionalized with initiator-activated
PGMA according to the methods described in the literature (Samadi et al., 2005; Bhut et
al., 2008; Wandera et al., 2011) with one minor adjustment: In this study, the solvent for
the PGMA deposition was chloroform rather than methyl ethyl ketone.
Poly(SPMAK) was grown by ATRP from the functionalized silicon surfaces, as
shown in Scheme 2.1. All masses and volumes are reported on the basis of one silicon
wafer. The solvent used for polymerization was DMSO (19.2 mL). The monomer was
SPMAK (405 mM, 1.91 g). Crown ether 18C6 (405 mM, 2.05 g) was added to the
monomer solution. The monomer solution was deoxygenated using at least three cycles
of the freeze-pump-thaw technique described previously (Bhut et al., 2008) with one
modification: the headspace of the flask was evacuated continually to approximately 800
Pa. Following the final cycle, the solution was moved directly to an inert environment
glovebox (MBraun UNIlab, O2 < 15 ppm, H2O < 1 ppm).
Two catalyst formulations were used. The first formulation used only Cu(I)Cl (1.6
mM, 3.05 mg) and ligand HMTETA (3.2 mM, 16.7 µL ). The second formulation used
Cu(I)Cl (1.4 mM, 2.67 mg) and Cu(II)Cl2 (0.28 mM, 0.724 mg) in a 1.0:0.2 ratio with
ligand HMTETA (3.3 mM, 17.3 µL). In both formulations, the total copper to ligand ratio
was 1:2. Each catalyst complex was prepared in DMSO within the glovebox, sealed,
removed from the glovebox, and placed in an ultrasonic bath for at least 2 h, until a
transparent homogeneous solution was observed, indicative of a soluble catalyst complex.
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Scheme 2.1 Reaction scheme for surface-initiated ATRP from initiator-activated
substrates.
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The solubilized catalyst complex was added to the deoxygenated monomer solution in the
glovebox to make the ATRP solution.
Functionalized silicon wafers were placed into the ATRP solution and allowed to
react for specified times. Wafers were removed and immersed in two sequential solutions
comprising Cu(II)Cl2 (20 mM, 13.9 mg) and HMTETA (40 mM, 56 µL) in DMSO (5.2
mL), which converts active chain ends to dormant species. The wafers were washed with
DMSO, followed by HPLC water, dried with nitrogen gas, and the dry layer thicknesses
were measured by ellipsometry. Wafers were returned to the reaction solution, where
polymer growth continued until the next specified time.
2.2.3 Membrane surface modification
Two to eight membranes were modified at once; however, all mass and volume
measurements are reported on the basis of one 47 mm membrane.
2.2.3.1 Membrane surface activation
Membranes were soaked in 10 mL of THF for approximately 10 min before use.
Membranes were dried thoroughly to remove the solvent and moved to the glovebox,
where the activation reaction was carried out. One 47 mm membrane was placed in a
solution containing anhydrous THF (50 mL) and the initiator, 2-BIB (18 mM, 0.11 mL).
The membranes were placed under a Teflon cage, with a stir bar on top. The solution was
stirred gently at 35 ºC for 2 h, at which time the solution was removed from the glovebox.
Membranes were washed by immersion in 10 mL each of THF and ethanol for
approximately 5 min, and stored in THF until polymerization.
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2.2.3.2 Surface-initiated ATRP of 3-sulfopropyl methacrylate, potassium salt
An initiator-activated membrane was dried with a nitrogen stream and brought
into the glovebox. A solution containing the solvent DMSO (19.2 mL), the monomer
SPMAK (486 mM, 2.30 g), and the crown ether 18C6 (486 mM, 2.47 g) was prepared
and stirred overnight, deoxygenated with the freeze-pump-thaw method, and brought into
the glovebox.
The catalyst complex, composed of copper(I) chloride (1.9 mM, 3.70 mg) and
HMTETA (6.8 mM, 35.8 µL), was prepared in deoxygenated DMSO as described in
Section 2.2 and added to the ATRP solution. Initiator-activated membranes were placed
in the ATRP solution for a specified period of time. To terminate the reaction,
membranes were removed from the glovebox. After subsequent 10-min immersions in
DMSO, HPLC water, and 0.2 M KCl (to remove the crown ether), membranes were
stored in HPLC water until protein binding capacity measurements.
2.2.4 Surface characterization
2.2.4.1 Ellipsometry
The surface dry-layer thicknesses of poly(SPMAK) were measured using a multiangle ellispometer (Beaglehole Instruments PicometerTM, He-Ne laser, λ = 632.8nm).
Measurements were taken at four locations on each surface. Refractive indices of 3.875,
1.455, 1.525, 1.451, 1.485 were used for silicon, silicon dioxide, PGMA, BPA, and
poly(SPMAK), respectively, within the model. Igor Pro 4.0.9.1 (Wavemetrics, Oswego,
OR) software program was used to apply the Cauchy model to obtain the dry layer
thickness from the measured values of Ψ and Δ and the specified refractive indices.
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2.2.4.2 ATR-FTIR spectroscopy
Fourier-transform infrared spectroscopy (FTIR) reflectance experiments were
performed using a Thermo Scientific Nicolet 550 Magna-IR Spectrometer with a
diamond ATR crystal. Omnic ESP version 6.1a software processed all measurements,
using an automatic signal gain, 16 scans and a resolution of 4.0 cm−1. A background scan
was collected immediately after each measurement. An ATR correction was applied to all
spectra, and baselines were consistently corrected as needed.
2.2.4.3 Confocal microscopy
Samples for confocal imaging were prepared from membranes that had been
loaded with lysozyme protein. Loading was done by passing protein solution through a
bed of stacked membranes using an ÄKTA purifier (GE Healthcare, Waukesha, WI) in
the same manner as the dynamic protein binding experiments in Section 2.5.2.
Membranes were dialyzed from buffer B into a 0.1X PBS buffer (pH 8) to remove dyereactive amines from solution while maintaining the same pH and nearly the same ionic
strength. Each 16 mm membrane was added to a solution comprising 200 µL of dye
solution (FITC in anhydrous DMSO, 10 mg/mL) in PBS buffer (2000 µL) and incubated
at 22 ºC on a shaker bath for 1 h to allow the dye to react with bound lysozyme. Excess
dye was removed by thoroughly rinsing the membrane with PBS buffer and then soaking
it in PBS buffer for 1 h. Rinsed samples were placed on glass slides that contained 1-2
drops of VECTASHIELD® aqueous mounting medium (refractive index 1.44) and then
covered with a cover glass. A poly(SPMAK) modified membrane with no protein served
as a control, and underwent the same dying procedure.
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Images were obtained using a Nikon Ti-Eclipse C1si confocal laser scanning
microscope. All samples were first analyzed in reflectance mode, which facilitates proper
focusing and positioning of the z-axis to correspond with the membrane surface. Samples
were then analyzed in fluorescence mode with an argon laser excitation light source (488
nm) under consistent power settings and a Nikon CFI Plan Apochromat 60× TIRF oil
immersion objective lens. NIS Elements and TiE EZ-C1 software programs were used to
obtain and process images. Lateral x-y scans were performed 5 µm below the membrane
surface on both the top and bottom membrane adsorbers within the 5-membrane
chromatography stack. Digital images were 795 × 795 pixels, over a 512 × 512 µm area,
acquired with an average of four scans.
2.2.5 Membrane performance testing
2.2.5.1 Direct-flow flux measurements
Constant-pressure direct-flow flux measurements were performed using distilled
deionized water and a 50 mL stirred ultrafiltration cell (model 8050, EMD Millipore)
stirring at 300 ± 50 rpm. Each 47 mm diameter membrane was cut to match the filtration
cell diameter. The membrane was supported by Whatman 114 filter paper. Measurements
were made at three constant transmembrane pressures (3, 6, 9 psi) applied from an air
cylinder. The permeate mass was measured and recorded for a defined filtration time.
Four measurements at each pressure were made in order of increasing pressure: 3, 6, 9
psi, and then repeated in order of decreasing pressure to check for compaction that may
occur at higher pressures. Data reported are averages of the measurements taken at each
applied pressure.
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Constant-flux measurements were performed using distilled deionized water and
an ÄKTA Purifier. A set of five (16 mm diameter) membranes was loaded into a
Mustang Coin unit (Pall Corporation, Port Washington, NY) and placed as a column in
the ÄKTA Purifier. Volumetric flow was varied from 1.28 mL/min (50 cm/h) to 13.47
mL/min (530 cm/h). System pressure was recorded by the ÄKTA purifier. The pressureflow rate relationship was evaluated under these conditions, which are representative of
the flow velocities using packed-bed columns.
2.2.5.2 Protein binding capacity measurements
Dynamic Protein Binding. Membranes were soaked in binding buffer B for 5 min
before use. Five membranes of identical pore size and degree of modification were
loaded into a Mustang Coin module. A filter paper (Whatman 5) was placed on each
side of the stack. The column was inserted in the ÄKTA Purifier. After an initial system
equilibration with buffer B, approximately 10 column volumes (CV) of buffer B were
pumped through the column, followed by a 10 mL injection of protein solution (3 mg/mL
lysozyme in buffer B, filtered with Whatman 0.1 µm PTFE syringe filter). Unbound
protein was washed from the column using 7 CV of buffer B, followed by a step change
to 20 CV of the buffer E to elute the bound protein. Between each run, the column was
regenerated with 2 CV of buffer E2, followed by re-equilibration with buffer B before the
subsequent run. Binding capacities for each membrane were obtained at flow rates
ranging from 1.0 mL/min (39 cm/h) to 7.7 mL/min (300 cm/h). Data were recorded and
processed by Unicorn 5.1 software (GE Healthcare, Bio-sciences).
Protein breakthrough curves were recorded using UV absorbance at 280 nm. To
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determine the breakthrough profile under non-binding conditions, the protein solution
was pumped through a modified membrane stack at high pH (0.3 M KOH), such that the
lysozyme also had a net negative charge, and Coulombic repulsion forces kept the protein
from binding to the negatively charged membranes. Comparing the breakthrough curve
obtained under binding conditions to the breakthrough curve obtained during non-binding
conditions allows for the calculation of the dynamic binding capacity. The area between
the curves was measured at the point of 10% breakthrough (i.e., C/C0 = 0.10), consistent
with the point where protein loading typically would be stopped.
Static Protein Binding. Modified membranes were equilibrated in buffer B and
then placed in 40 mL jars (I-Chem short, wide-mouth, Fisher Scientific) containing 20
mL of lysozyme solution at varying concentrations in buffer B. The jars were placed on a
shaker bath (50 rpm, 22 ºC) for 24 h, which was determined by experiment to be enough
time to reach equilibrium. A calibration curve between UV absorbance and
concentration was used to measure the final concentration, and a mass balance
(accounting for the mass of pure B initially in the membrane) was used to determine the
total mass of adsorbed protein per volume membrane (mg/mL). After measurement,
membranes were submerged in buffer E2 for 1 min, followed by buffer E overnight, and
then equilibrated in buffer B in preparation for the next static binding experiment.

2.3 Results and discussion
2.3.1 Graft-from surface modification using ATRP
The choice of catalyst, solvent, and temperature strongly influences the polymer
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produced by atom transfer radical polymerization (Matyjaszewski and Xia, 2001). A
Cu(I)Cl/HMTETA catalyst complex was selected to balance activity versus potential for
copper disproportionation (Tsarevsky and Matyjaszewski, 2007). To further reduce the
risk of disproportionation, dimethyl sulfoxide was used as the solvent, which has been
shown to be an effective solvent for the copper-mediated ATRP of methacrylates at
ambient temperatures (Monge et al., 2004). 3-Sulfopropyl methacrylate, potassium salt
was used to prevent deactivation of the catalyst by complexation between the amine
ligand and an acid monomer. To facilitate dissolution of the monomer salt, I utilized the
method employed by Xu et al. (Xu et al., 2007) in their work on solution-phase synthesis
of SPMAK bottle brush polymers, which used a crown ether to coordinate with the
potassium cation.
2.3.1.1 Silicon wafer surface modification
Silicon surfaces, coated with PGMA and activated with a BPA initiator, were
used as model surfaces for growing poly(SPMAK). Polymerization times ranged from
0.5 to 106 h. The purpose of these experiments was to measure the polymer dry layer
thickness over time and to use these measurements to inform the choice of reaction time
and reaction conditions for the polymerization from membrane surfaces.
Figure 2.1 shows dry layer thicknesses as a function of polymerization time. The
formulation containing the deactivator Cu(II)Cl2 was used in an effort to yield controlled
polymerization and achieve high degrees of polymerization. As expected, the formulation
that contained Cu(II) slowed the chain growth; however, it did not improve control
(evidenced by a non-linear relationship between thickness and time) and resulted in lower
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Figure 2.1 Poly(SPMAK) growth from functionalized silicon wafers using two different
catalyst formulations: () Cu(I)Cl at 1.6 mM and () Cu(I)Cl:Cu(II)Cl2 with
concentrations of 1.6 mM:0.3 mM. Data are the average of four measurements from one
wafer chip, with error bars as the standard deviation.
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dry layer thicknesses (i.e., lower degrees of polymerization). Because higher degrees of
polymerization correlate with higher binding capacities, a 24 h polymerization time was
selected using the Cu(I)Cl catalyst system, targeting a dry layer polymer thickness of 35
nm. More work could be done to optimize polymer formulation, but this was outside the
scope of this study, which was to establish a working chemistry for fabricating cationexchange adsorbers, and study the difference in binding capacity, flux performance, and
productivity between membranes of different pore sizes modified with the same
polymerization.
2.3.1.2 Membrane surface modification
It has been demonstrated that surface-initiated ATRP can be used to modify
membranes to create effective anion-exchange adsorbers for use in membrane
chromatography (Bhut et al., 2010). The work presented here applies this method with a
specialized formulation to prepare high-performance cation-exchange membrane
adsorbers by grafting SPMAK monomer from the surface of RC membranes. Nominal
membrane pore diameter and polymerization time were changed to investigate the effects
of each variable on membrane performance. Membranes of three pore sizes (0.2, 0.45,
1.0 µm) were modified for comparison. Attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy was used to confirm membrane surface modification.
Flux/pressure measurements and static and dynamic binding capacity measurements were
used to evaluate membrane performance. Confocal laser scanning microscopy (CLSM)
was employed to image the interior of lysozyme-loaded membrane stacks.
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2.3.2 ATR-FTIR spectroscopy
Figure 2.2 shows the ATR-FTIR spectra of unmodified and poly(SPMAK)modified RC membranes. In spectrum B for the poly(SPMAK)-modified membrane, a
larger peak is observed at 1700 cm-1, which represents the C=O of the methacrylate
within the polymer. The diminished peak at 3300 cm-1 is attributed to the reduced number
of -OH groups on the membrane surface compared to the unmodified membrane (A).
This reduction is due to the conversion of hydroxyl groups to alkoxy linkages at the base
of the polymer chains, as well as the obstruction of the cellulose surface by the layer of
grafted polymer. The peak assignments for stretching sulfonate bonds (S=O, asym: 1350
cm-1, sym: 1175 cm-1; S-O 1000-750 cm-1) occur within the characteristic bands of
cellulose, and thus are not resolved.
2.3.3 Performance of modified membranes
Static (a.k.a. equilibrium) protein binding capacities, relationships between flow
rate and dynamic binding capacities, and membrane permeabilities were measured. As
improvements in one metric may present a decline in another, it is necessary to analyze
all of these metrics to gain understanding of the overall performance of these newly
developed cation-exchange membrane adsorbers.
The optimal range for lysozyme to bind with negatively charged groups occurs
between a pH of 6-9 (Davies et al., 1969), making the selection of pH 8 appropriate for
binding capacity measurements. The isoelectric point of lysozyme is 11; thus, the protein
is charged positively (van der Veen et al., 2004). The pKa of SPMAK is below 3,
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Figure 2.2 ATR-FTIR spectra of regenerated cellulose (A) base membrane with no
modification and (B) membrane modified with SPMAK for 24 h.
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meaning the polymer is charged negatively at the pH of buffer B, enabling charge
interactions between the protein and polyelectrolyte chains (Page and Bednarek, 1998).
2.3.3.1 Static binding capacities
Static binding capacity measurements reveal how the membrane pore size affects
equilibrium protein binding. I measured the maximum capacity of lysozyme adsorbed by
the modified membranes. Figure 2.3 shows lysozyme adsorption isotherms for 0.2, 0.45,
and 1.0 µm membranes, modified with poly(SPMAK) using a 24 h polymerization.
Symbols represent experimental data and curves represent fits to the Langmuir adsorption
isotherm model. While the mechanism for ‘adsorption’ really is ion exchange, the
Langmuir isotherm works well because the system is buffered to maintain a constant pH.
For clarity, the model in the case of cation-exchange is explained here. The equilibrium
constant is given by Equation 1.
!!" =   

! !!!
! ! !!

(1)

for the reaction C+ + H+S-  C+S- + H+ where one assumes the charged compound C+
adsorbs to a specific site S-, all sites are considered equal, there is 1:1 binding of C+ to S-,
there are no interactions among adsorbed molecules and Keq is the equilibrium constant
for some temperature and composition. The concentration of total sites is defined as the
sum of the occupied and unoccupied sites as shown in Equation 2.
!

!

= ! ! ! ! + !! ! !

(2)

These expressions can be combined to solve for [H+S-] in terms of Keq, [H+], [C+], and
[C+S-], and can replace [H+S-] in the site balance of Equation 2 to give Equation 3.
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Figure 2.3 Adsorption isotherms at 25 °C for lysozyme on 1.0, 0.45, and 0.2 µm
poly(SPMAK)-modified membranes. Equilibrium concentrations were measured at 24 h.
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This equation can be rearranged to express the fraction of sites occupied, as shown in
Equation 4.
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If both the top and bottom of the right side of Equation 4 are divided by [H+], and if [H+]
is constant, in other words, if the pH is constant, this concentration can be lumped into
the equilibrium constant and the result is Equation 5, which means the system can
behaves like Langmuir adsorption.
!
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(5)

This is the case, as the solution is buffered to pH 8. As is common for ion-exchange
adsorbers, a steep adsorption isotherm is observed. The tested membranes appear to have
a similar binding constant (K) but different levels of maximum binding capacity (Bmax):
Bmax_0.2µm = 97 ± 3 mg/mL, Bmax_0.45µm = 72 ± 5 mg/mL, Bmax_1.0µm = 79 ± 8 mg/mL.
Figure 2.4 shows the effect of polymerization time on static capacity using the
1.0 µm membrane. Longer reaction times, and thus, higher degrees of polymerization
yield higher maximum binding capacities (Bmax): Bmax_1.0µm_0.5h = 59 ± 2 mg/mL,
Bmax_1.0µm_1.0h = 71 ± 4 mg/mL, Bmax_1.0µm_24h = 79 ± 8 mg/mL. The non-linear
relationship between polymerization time and static capacity mimics the non-linear
relationship between polymerization time and nanolayer thickness from the silicon
substrate work. The proportionality of polymer chain length to binding capacity is
consistent with earlier works (Bhut et al., 2008), (Bhut and Husson, 2009). It is noted that
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Figure 2.4 Adsorption isotherms at 25 °C for lysozyme on 1.0 µm membranes with
various degrees of polymerization. Equilibrium concentrations were measured at 24 h.
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the equilibrium binding capacity appears highest for an initial lysozyme concentration of
1 mg/mL. While the result was not studied further, this may indicate optimal binding
conditions at that concentration or it may be a systematic effect within the measuring
error.
2.3.3.2 Dynamic binding capacities
Figure 2.5 shows a representative chromatogram. After loading the column into
the ÄKTA Purifier, binding buffer B was pumped through the system to equilibrate the
column. After equilibration, a 50 mL Superloop (GE Healthcare) was used to deliver 10
mL of 3 mg/mL protein solution. Data collection began at the time of injection. The
initial baseline absorbance reading indicates that protein is binding to the column. As the
membrane bed capacity is reached under dynamic conditions, the unbound protein begins
to break through the column, illustrated by the initial increase in absorbance on the
chromatogram. After rinsing the column, a step change was made to elution buffer E. The
increase in ionic strength caused the charge interactions between protein and column to
be screened, causing the protein to release from the column, evidenced by the elution
peak starting at about 14 mL. The volume at the point of 10% breakthrough (Vbreak) was
used in Equation 6 to estimate dynamic binding capacity:

q=

C0 ( Vbreak − Vdead )
CV

(6)

where q is the dynamic binding capacity (mg/mL), C0 is the concentration of protein in
solution (mg/mL), Vdead is the system dead volume (mL), and CV is the column volume
(mL). The dynamic binding capacities were analyzed with regards to flow rate and pore
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Figure 2.5 Typical chromatogram for a dynamic protein binding capacity measurement
using poly(SPMAK)-modified membranes. The chromatogram was obtained using 1.0
µm average pore diameter membranes (bed height: 350 µm; bed volume: 0.070 mL; flow
rate: 1 mL/min; buffer B: 50 mM Tris, pH = 8; buffer E: 1 M KCl in 50 mM Tris, pH =
8).
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size, and are discussed in the following sections.
Each membrane column was tested at four flow rates. Figure 2.6 presents the
results, which show that dynamic binding capacities were constant within the
measurement uncertainty over the range of flow rates examined. Studies on the mass
transfer properties of membrane adsorbers have shown that diffusion does not govern the
transport of protein molecules to pore channels within the membrane (Roper and
Lightfoot, 1995; Safert and Etzel, 1997), including studies of ion-exchange membrane
adsorbers of 1.0 µm pore size after modification with polymer chains (Bhut and Husson,
2009). Thus, so long as the residence time is sufficient for the rate of adsorption to occur,
it is expected that the flow rate should not govern the dynamic binding capacities.
However, it is recognized that the geometric properties of columns can create a nonuniform flow distribution at the inlet, giving the effect of an increased dynamic binding
capacity as flow rates are increased at low velocities. This phenomenon has been
described previously (Bhut and Husson, 2009). Non-uniform flow distribution at low
velocity may also partly explain the larger error bars at low velocity. At a high enough
flow velocity, the characteristic time required for diffusion within the polymer layer and
the adsorption rate (i.e., reaction rate) will become larger than the residence time for flow
through the column, and a decline will be observed in dynamic binding capacity. This
trend is not observable within the error of my measurements over the range of flow rates
studied. It is observed that the dynamic binding capacity for the 0.2 µm is slightly less at
higher flow rates than lower flow rates. For all three pore sizes tested, there is likely
preferential binding in the pores that are more accessible. (The membranes are known to
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Figure 2.6 Dynamic binding capacities of 0.2, 0.45, and 1.0 µm membranes, modified
with poly(SPMAK) using a 24 h polymerization time with a Cu(I)Cl/HMTETA catalyst
complex. Values were obtained based on 10% breakthrough. Error bars represent the
standard deviation of calculated values using data from 2 to 4 measurements.
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have a pore size distribution rather than pores of uniform size.) The observed trend may
indicate that for higher flow rates there is insufficient time for protein to bind to the
polymers located in the less-accessible pores for the membranes with a nominal 0.2 µm
pore size.
Throughout the dynamic binding capacity experiments, each membrane stack was
loaded, cleaned and washed at least 7 times. There was no observed decline in dynamic
binding capacity throughout the experiments, indicating there was no apparent
degradation of the adsorptive material in this study.
2.3.3.3 Distribution of bound protein
Confocal laser scanning microscopy was used to visualize the distribution of
bound protein within the membrane stack. The objective of this experiment was to
determine whether or not protein binding occurs uniformly throughout the membrane
stack during dynamic loading. Lysozyme-loaded membranes were removed from the
module and contacted with FITC dye to fluorescently label adsorbed protein. Staining
was done after protein loading, because there is evidence that the binding affinities of
labeled proteins can be different than those of non-labeled proteins (Russell and Carta,
2005; Teske et al., 2005) due to their difference in net charge.
Measurements were done with a stack of 0.45 µm membranes. Figure 2.7 shows
the top and bottom membrane within the five-membrane stack after loading fully. From
the top membrane image, it appears that some protein aggregates were present even after
prefiltering the protein solution through a 0.1 µm PTFE prefilter, and that these were
captured by the first membrane in the stack. The intensity of the FITC-tagged protein is
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A

B

Figure 2.7 Confocal images of the top (A) and bottom (B) membranes (0.45 µm) from a
five-membrane stack, fully loaded under flow-through conditions with 3 mg/mL
lysozyme and stained with FITC. The scale bar represents 50 µm.
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consistent on the top and bottom membranes, indicating that binding occurs uniformly
throughout the column.
2.3.3.4 Direct-flow flux measurements
Figure 2.8 shows constant-pressure flux measurements for the 1.0 µm membranes
modified under various conditions (unmodified, initiator-activated, polymer-modified
using reaction times of 0.5, 1.0 and 24 h). A linear increase in flux is observed as the
pressure is increased. This profile is expected in the absence of membrane fouling using
distilled deionized water with no compaction. There appears to be little to no compaction
occurring over the range of pressure studied, as there is no hysteresis in the flow
measurements. Symbols represent averages of all data collected before and after the
highest pressure was applied, with error bars representing the standard deviation.
Figure 2.9 compares direct-flow flux data for all membranes following 24 h
modification with poly(SPMAK). The difference in permeability for the different
membrane substrates is observed. The pure water flux retention (i.e., the quotient of
poly(SPMAK) membrane flux to base membrane flux) over an average of all tested
pressures is 63 ± 2%, 71 ± 3%, and 62 ± 6% for the 0.2, 0.45, and 1.0 µm membranes,
respectively. Reduced flux is attributed to polymer chains reducing the effective pore
diameter. If the membranes are modeled as having uniform cylindrical pores and the drylayer poly(SPMAK) thickness measurements are applied, the cross-sectional surface area
of the pores is reduced to 45%, 73%, and 87% of the original area for the 0.2, 0.45, and
1.0 µm membranes, respectively. Under the tested conditions, the polymer chains are
expected to be swollen and extending beyond the dry layer thickness. The observed flux
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Figure 2.8 Direct flow flux data for 1.0 µm membranes: base membrane; initiatormodified; polymer-modified using 0.5 h, 1 h, 24 h polymerization times. Points represent
averages of 4 to 8 measurements, with error bars representing the standard deviation.
Low pressure measurements were done before and after the highest pressure (9 psi) was
applied.
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Figure 2.9 Pure water flux measurements for unmodified base membrane and the
poly(SPMAK)-modified membrane after 24 h reaction.
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decline is reasonable according to this simple model. While the flux declines appreciably
for the modified membranes, they still retain the permeability of macroporous materials.
Constant-pressure measurements of membrane permeability taken with the directflow cell were compared with values from constant-flux experiments using membrane
stacks within the ÄKTA Purifier. The percent difference between the permeability
obtained from the constant-pressure and the constant-flux permeability measurements is
5%. This result indicates that the direct flow measurements are suitable for
understanding how these membranes operate in a separation column.
Together with the observed differences in dynamic binding capacity for these
membranes, characteristics can be selected to achieve the desired operating and
production requirements. In other words, equipped with membranes with a range of pore
sizes and polymer degrees of polymerization enables one to design the separation system
with a specific aim, such as reducing pressure drop, or maximizing binding capacity.
Because lowering the cost of therapeutics is the ultimate goal, this approach strived to
maximize productivity (mg product/mL/min). Therefore, in addition to capacity and
volumetric flow, the total number of column volumes processed per time must be
compared.
2.3.3.5 Analysis of volumetric productivity
The metric of productivity is extremely important in evaluating processing
technologies and comparisons can be made in terms of volumetric processing rates as
well as mass of product produced per volume adsorbing material per time. Thus,
volumetric throughput (CV/min) and dynamic binding capacity (mg/mL) are used as the
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Table 2.1 Productivity comparison for cation-exchange membranes and commercial
Capto S resin column (Capto S, Capto Q, Capto ViralQ, Capto DEAE, 2011).
Separation
Medium
1.0 µm RC
poly(SPMAK)
0.45 µm RC
poly(SPMAK)
0.2 µm RC
poly(SPMAK)
Capto S
(GE Healthcare)

Superficial
Residence
Throughput
velocity
time
(CV/min)
(cm/h)
(min)

Dynamic
binding Productivity
capacity (mg/mL/min)
(mg/mL)
52 ± 12
330 ± 80

300

100

0.01

300

100

0.01

57 ± 1

310 ± 10

300

100

0.01

57 ± 4

310 ± 30

600

1.0

1

120

4
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bases for this comparison. Table 2.1 shows the volumetric throughput (CV/min),
residence time (min), and productivity (mg lysozyme/mL/min) for select conditions of
these cation-exchange membranes and the Capto S resin column, a current commercial
product. Solution conditions (pH, ionic strength, protein concentration) were chosen to
match those used by the manufacturer in evaluating Capto S performance. Upon personal
correspondence with GE Healthcare Life Science, technical support group at Piscataway,
I later discovered that the conditions reported in the product literature (Capto S, Capto Q,
Capto ViralQ, Capto DEAE, 2007) were incorrect and should have been reported as 30
mM sodium phosphate buffer at pH 6.8 (as reported in a separate GE document
(HiScreenTM CaptoTM Q, HiScreen Capto S, HiScreen Capto DEAE, 2012)) with
lysozyme concentration of 4 mg/mL. Fortunately, the results are still comparable as the
protein and buffer concentrations are similar, and both pH values are well below the pI of
lysozyme where the protein remains positively charged. Furthermore, the use of a lower
protein concentration of 3 mg/mL yields more conservative productivity values for these
membranes. Even at low linear flow velocities, membrane adsorbers offer higher
volumetric throughput and residence times that are 100-fold less than commercial resin
columns. The productivity, representing the mass protein that can bind per volume
adsorbing material per time, is another way to compare experimental results with
commercial products. Productivity is calculated according to Equation 7

Productivity =

Bdynamic

(7)  

t break

where tbreak is the time it takes between protein injection and the point of 10%
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breakthrough. Under the best tested conditions, these cation-exchange membranes
achieved a productivity of over 300 mg lysozyme/mL/min. According to product
literature for the Capto S resin (Capto S, Capto Q, Capto ViralQ, Capto DEAE, 2007),
the best conditions facilitate a productivity of 4 mg/mL/min. Detailed calculations for
resin column productivity using Equation 2 are given in Appendix A. Dynamic binding
capacity is important when considering the number of cycles needed to process a volume
of feed solution. However, from a productivity standpoint, differences in dynamic
binding capacity do not impact productivity nearly as significantly as differences in
residence times. Given their very low residence times and comparable dynamic binding
capacities, membranes present a clear advantage in productivity over resin columns.
By evaluating protein binding capacity, permeability, and productivity of
membrane adsorbers with different nominal pore sizes, better materials can be selected to
meet a specific target objective, whether that is to reduce the number of processing cycles
or maximize the productivity for a single-cycle operation, or other.

2.4 Conclusions
Cation-exchange membranes with reasonable dynamic binding capacities and
high productivity were developed for protein capture using an organic solvent-based
ATRP method in which the potassium ion of the charged monomer was coordinated with
a crown ether to improve solubility. These membrane adsorbers had productivities over
300 mg/mL/min compared with 4 mg/mL/min for a commercial resin of the same ligand
chemistry. Macroporous membranes with small nominal pore size hold potential for
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protein capture steps, where high protein binding capacities are needed to realize singlecycle processing of very large scale batch sizes at high-productivity.
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CHAPTER 3	
  
MEMBRANE ADSORBERS COMPRISING GRAFTED GLYCOPOLYMERS FOR
TARGETED LECTIN BINDING
3.1 Introduction
As lectins find more uses in biological applications, the demand for affordable,
high-purity lectins will continue to increase. Before the advent of affinity
chromatography, lectins had to be purified through a series of conventional unit
operations. Multistep processes afforded enough specificity to select for a specific lectin
from the crude extract. These unit operations included salt-induced crystallization,
ethanol precipitation, ion-exchange chromatography, and gel filtration, all of which
isolate lectins based on general physicochemical interactions (Sharon and Lis, 2004).
Carbohydrate affinity chromatography is a higher selectivity alternative for the
purification of lectins, and was introduced for the purification of Concanavalin A (conA)
by Agrawal and Goldstein in 1967 (Agrawal and Goldstein, 1967). ConA has since
become the basis for many applications, including immobilized lectin affinity
chromatography, which incorporates conA onto the stationary phase for the purification
of glycoproteins and glycopeptides (Batista-Viera et al., 2011).
As the research area that exploits the important carbohydrate-sugar affinity of
conA with its complementary glycol-structure continues to grow, so does the demand for
improved isolation and purification of conA itself. The traditional isolation and
purification of conA was developed in the late 1960s and consists of a series of initial
separation steps including centrifugation and dialysis, after which the conA-containing
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solution is loaded onto a column of Sephadex G-50, which contains dextran residues that
bind conA. An eluent solution containing a competing sugar displaces the lectin, yielding
a solution with higher purity and concentration (Agrawal and Goldstein 1967).
While processes implementing dextran gels (Sephadex) for the selective
adsorption of conA achieve a reasonable yield from the crude jack bean meal and high
recovery from the chromatography elution step, there are features that make it
undesirable. The process has low throughput due to batch operation or because of the low
flow rates used for bind-and-elute operations required by these traditional
chromatography media. Advances needed in lectin purification include methods with
potential for faster processing speeds.
In addition to slow processing speeds using dextran gels, there are issues
associated with microbial degradation of the dextran that could be avoided with a
different substrate material. Khan et al. (Khan et al., 2010) provide one example of
current research to develop and test new materials for conA purification in which calcium
alginate-cellulose beads containing transition metal Ni(II) as a substrate for purifying the
lectin. In this immobilized metal ion affinity chromatography (IMAC) process, the Ni(II)
is believed to associate with the hystidine and tryptophan amino acid residues of con A
(Khan et al., 2010). Despite the widespread use of IMAC, there are issues that have
limited its use at commercial scale. Two significant disadvantages of IMAC are metal ion
transfer and metal ion leakage into the purified protein solution. Metal ion transfer leads
to protein loss and low protein yields (Ueda et al., 2003) and can disrupt protein
bioactivity. Since commonly used metal ions such as Ni(II) and Co(II) are known

62

carcinogens (Beyersmann, 2002), protein products may be hazardous for use. Even
though additional columns could be added to a manufacturing process to capture metal
ion contaminants that leak from the IMAC column, there are other factors that make
industrial scale IMAC processes difficult to implement. Gutiérrez et al. (Gutiérrez, et al.,
2007) point out that quantitative data on sorption capacities and affinities are limited, and
there is no consensus on which binding models best represent the mechanism of protein
binding. As a result, IMAC separations have low predictability, frustrating optimizing
and scale-up.
Thus remains the need for new materials and methods to more effectively recover
and purify lectins from crude media. While focus in this chapter is given to conA, the
need is general, as the cost associated with the isolation and purification of other natural
lectins is prohibitively high. In fact, to overcome the costly purification of natural lectins,
researchers are looking to create synthetic lectins. For example, Mahalingam et al.
(Mahalingam et al., 2011) have studied the anti-HIV activity of synthetic lectins that bind
to the surface sugars on the virus, inhibiting the entry of HIV into cells.
New methods and materials for lectin purifications include magnetic separation,
aqueous two-phase extraction, affinity precipitation, monoliths, and membranes
(Nascimento et al., 2012). Several advanced materials that target conA have been
explored. In 2001, Guo and Ruckenstein (Guo and Ruckenstein, 2001) introduced
cellulose membranes as a matrix for purifying conA by activating the surface with small
molecules of various lengths that contained an epoxy group and then immobilizing
maltose as the affinity ligand. The binding capacity for conA reported ranged from 0.48
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to 1.05 mg/mL membrane, depending on the degree of cross-linking and the spacer
length. These capacities may be confined to these low values due to surface area
limitations of macroporous membranes. Khan et al. (Khab et al., 2010) used calcium
alginate-cellulose beads as a low-cost matrix for purification of conA from jack bean
extract that resulted in higher protein yields compared to the traditional Sephadex
process. However, both of these materials were used in a batch process. Percin et al.
(Percin et al., 2012) studied the effect of flow rate, temperature, ionic strength, and conA
concentration for a mannose affinity ligand attached to a poly(hydroxyethyl
methacrylate) cryogel in a bind-and-elute operation and found the highest dynamic
binding capacities at the lowest flow rates. However, it is not clear if the lower capacities
at high flow rate were due to mass-transfer constraints of conA diffusion through the
cryogel or short residence times relative to the timescale for adsorption to occur. One
aspect of the work described in this chapter is to relate the adsorption rate to the
convective mass transport rate through the membrane bed and use this relationship to
assess whether adsorption kinetics or mass transport contribute the primary limitation to
conA binding.
Recent developments in affinity membranes suitable for binding conA include
glycosylated microporous polypropylene membranes (Hu et al., 2009), SPG (Shirasuporous-glass) membranes containing brush-like glycopolymers (Ogata et al., 2013), and
glycosylated polypropylene non-woven meshes (Ye et al., 2014). Ulbricht and coworkers
(Yang et al., 2010) have shown in these systems that polymeric glycoligands selectively
bind specific lectins, mimicking the gluco-receptors found on cell surfaces that recognize
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and bind bacteria. The literature also reports advances in this field using model substrates
to elucidate optimal polymerization conditions, and kinetic studies relating
polymerization time to the degree of polymerization (Yang and Ulbricht, 2011). The
affinity binding nature of a homotetrameric conA molecule to its complementary
polysaccharide carbohydrates results from multivalent hydrogen bonds and hydrophobic
interactions. Because the number of carbohydrates needed to create a binding site for this
lectin molecule is greater than one, it necessitates that the adsorbing material contain a
large number of carbohydrate groups. The location and structure of these carbohydrates
has been shown to influence the capacity of the material to capture lectins, as
demonstrated in the glycoside cluster effect observed for the comparison of comb-like
versus linear glycopolymer layers grafted from poly(ethylene terephthalate) track-etched
membrane surfaces to bind peanut agglutinin (Yang et al., 2006; Yang and Ulbricht,
2011). Thus, to most efficiently bind conA, a platform is desired that affords a bindingsite architecture capable of incorporating dense glycoligand groups.
Surface-initiated atom transfer radical polymerization (ATRP) is a widely used
surface modification technique (Ran et al., 2014) and has been used extensively in the
formulation of membrane adsorbers for protein isolation and purification (Singh et al.,
2008; Bhut and Husson, 2008; Bhut and Husson, 2009; Wang, et al., 2009; Jain et al.,
2010; Menkhaus et al., 2010; N. Anuraj, et al., 2012; Bhut et al., 2011, pp. 2645–2653;
Bhut et al., 2011, pp. 2654–2660; Anuraj et al., J. Membr. Sci., 2012; Chenette et al.,
2012; Wei et al., 2013; Himstedt et al., 2013; Wang et al., 2013). ATRP is suitable for
incorporating glycol-ligand affinity groups onto membranes for the same reasons it has
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been a successful method for constructing membrane adsorbers for other
chromatographic processes, which have been discussed in detail previously (Bruening, et
al., 2008; Singh, et al., 2008). Namely, surface-initiated ATRP methods provide the
ability to optimize and control the grafting density and chain length of low-polydispersity
polymers without significantly altering the substrate structure, and without initiating
solution-phase polymerization that can lead to pore blocking. ATRP, among other
methods, has been researched as a means of incorporating glycoligands into polymers for
interaction with specific lectins. Ting et al. provide a review that summarizes synthesis
methods of glycopolymers for lectin recognition (Ting et al., 2010).
This work contributes a new approach to creating membrane adsorbers for
carbohydrate chromatography that consists of a surface modification platform capable of
a high number of binding sites per basis of adsorbing material, tunable binding site
architecture, and high-throughput operations. The objectives of this study were (1) to
produce affinity membrane adsorbers with a high binding capacity for conA and (2) to
perform a comparison of kinetic rate of conA adsoprtion versus convective mass
transport of conA to the binding sites on the membrane surface. Adsorptive membranes
were prepared under different reaction conditions to react d-glucosamine with the
epoxide side groups of poly(glycidyl methacrylate) (PGMA) that was grafted by surfaceinitiated ATRP from the pore surfaces of regenerated cellulose membranes. The reaction
conditions that yielded the highest binding capacity were selected to carry out the second
objective.
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3.2 Experimental
3.2.1 Materials
Regenerated cellulose membranes (RC60) with reported nominal pore size of 1.0
µm, thickness of 70 µm and diameter of 47 mm were purchased from Whatman, Inc.
(Dassel, Germany).
The following chemicals and solvents were purchased from Sigma-Aldrich (St.
Louis, MO) with purities reported in weight percent: α-Bromoisobutyryl bromide, 98%
(BIB); concanavalin A from Canavalia ensiformis (Jack bean), type IV (conA); glycidyl
methacrylate, 97%, contains 100 ppm monomethyl ether hydroquinone as inhibitor
(GMA); inhibitor removers, for removing hydroquinone and monomethyl ether
hydroquinone; copper(I) chloride, ≥99.995% (Cu(I)Cl); D-(+)-glucosamine
hydrochloride, ≥99%, (dGluc-HCl); dichloromethane, ≥99.5%, contains 50 ppm amylene
(DCM); dimethyl sulfoxide, ≥99.9% (DMSO); 4-(2-hydroxyethyl)piperazine-1ethanesulfonic acid, ≥99.5% (HEPES); methyl α-D-mannopyranoside for microbiology,
≥99.0% (Me-Manp); methyl α-D-glucopyranoside for microbiology, ≥99.0% (Me-Glcp);
manganese (II) chloride solution, 1.00 M, tetrahydrofuran anhydrous, ≥ 99.9%; inhibitorfree (THF); triethylamine, ≥99.5% (TEA). 1,1,4,7,7-Pentamethyldiethylenetriamine,
98+% (PMDETA) was purchased from Acros Organics (Geel, Belgium). The following
chemicals were purchased from Fisher Scientific (Fairlawn, NJ): calcium chloride
diydrate, Lab Grade; tetrahydrofuran, certified, contains about 0.025% butylated
hydroxytoluene as a preservative (THF). Sodium hydroxide, 97.0% (NaOH) was
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purchased from Alfa Aesar (Ward Hill, MA). The following were purchased from VWR
(Radnor, PA): cellulose acetate syringe filters, 0.45 µm and sodium chloride (NaCl).
Buffers used in this study include binding buffer, B: 10 mM HEPES, 0.1 mM
Mn2+, 0.1 mM Ca2+, 0.15 M NaCl adjusted with 5 M NaOH to pH 7.0 and elution buffer,
E: 200 mM Me-Manp, 200 mM Me-Glcp in binding buffer at pH 7.0. The lectin solution
used was 1 mg/mL conA in B, which was filtered with a 0.45 µm cellulose acetate
syringe filter.
3.2.2 Membrane surface modification
Up to ten membranes were modified at one time; however, reaction amounts are
reported on the basis of one 47 mm membrane.
3.2.2.1 Membrane activation
Membranes were activated by reacting with BIB (18 µM, 0.11 mL) in THF (50
mL) for 2 h under constant stirring at 35 °C in a glovebox (MBRAUN UNIlab) with a
nitrogen environment (O2 < 10 ppm, H2O < 1 ppm), as reported earlier (Chenette et al., J.
Mem. Sci., vol 423-424, 43-52, 2012). Membranes were further modified by surfaceinitiated atom transfer radical polymerization (ATRP) of glycidyl methacrylate (GMA)
(3.6 M, 17.06 g) in THF (16.35 mL) with a catalyst complex of Cu(I)Cl (9 mM, 29.7 mg)
and PMDETA (9 mM, 0.063 mL) for 21 h. Details about this procedure were reported
earlier by Wang et al. (Polymer, vol 55, 2014).
3.2.2.2 Incorporation of lectin-specific glycoligand
Activated membranes were soaked in 12 mL THF twice, followed by 12 mL of
DMSO twice, then introduced to a solution of d-glucosamine-HCl (0.080 M, 0.863 g) and
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TEA (0.120 M, 0.838 mL) in DMSO (49 mL) and heated to 70 °C, as represented in
Scheme 3.1. The reaction solution was stirred at 150 rpm for 8.5 h and then cooled to
room temperature. Modified membranes were soaked in DMSO (12 mL, twice) followed
by THF (12 mL, twice) and stored in THF. They were dried with nitrogen gas prior to
characterization or performance testing.
3.2.3 Surface characterization by ATR-FTIR spectroscopy
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
measurements were taken using a Thermo Scientific Nicolet 550 Magna-IR Spectrometer
with a diamond crystal equipped with Omnic ESP version 6.1a software. An ATR
correction was applied to each spectrum and the baseline was corrected manually. A
background spectrum was collected prior to each measurement of a dried membrane
sample, taken with 16 scans and a resolution of 4.0 cm-1.
3.2.4 Membrane performance testing
3.2.4.1 Static binding capacity measurements
Each membrane was placed in binding buffer B before being introduced to 5 mL
of a 1 mg/mL conA solution in buffer B. The volume of solution absorbed in the
membrane pores during this equilibration step was accounted for in the mass balance
used to calculate conA binding capacity. Membranes were incubated for 21 h, which was
sufficient according to other static measurements reported in literature (Guo and
Ruckenstein, 2001; Percin et al., 2012) on a shaker table at 80 rpm at 22 ºC. Initial and
final lectin concentrations were measured using a calibration curve relating the conA
concentration to absorbance at 280 nm with a Carey UV-vis spectrophotometer. Static
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Scheme 3.1 Reaction of D-Gluc to ATRP-grafted PGMA
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binding capacity was calculated as the mass of conA adsorbed per membrane volume
(mg/mL) by performing a mass balance.
3.2.4.2 Dynamic binding capacity measurements
Membranes were cut to the appropriate module size before preparation and
soaked in binding buffer B prior to use. Eight membranes of the same degree of
modification were loaded into a Pall Mustang Coin® module (ID = 18 mm), sandwiched
between two Whatman 5 membranes. The module was connected to an AKTA Purifier
(GE Healthcare). The system applied an equilibration step of at least 10 column volumes
(CV) until the absorbance baseline (280 nm) was stable. Following column equilibration,
the lectin solution was injected (10 mL, 1.0 mg/mL in binding buffer B, pre-filtered
through a 0.45 µm syringe filter). Following lectin loading, the system applied a wash
step with buffer B (10 mL) to wash unbound lectin, followed by an elution step with
buffer E (10 mL). The flow rate during the protein loading step was varied, while the
flow rates for column equilibration, washing and elution were 1.0 mL/min. Data were
recorded and processed by Unicorn 5.11 software (GE Healthcare, Bio-sciences). All
buffers and protein solutions were used at room temperature. Chromatograms were
analyzed by calibrating area under the A280 curves (mAU ✕ mL) to concentration
(mg/mL) to estimate protein adsorption.

3.3 Results and Discussion
To develop a working formulation for reacting the dGluc-HCl with the epoxide
side groups of the PGMA chains grown by ATRP from the surface of regenerated
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cellulose membranes, the glycoligand was tested in multiple solvents to find the solvent
condition with the best dissolution. Challenges arose with initial reaction attempts, as the
dGluc appeared to undergo the Malliard reaction. This reaction occurs between carbonyls
and amines in the presence of heat and is responsible for the browning of foods such as
carbohydrates and sugars. To identify solutions to the challenges that arose with reaction
conditions at elevated temperature, reactions using different concentrations, temperatures,
and time-scales were performed and the resulting membranes were tested using static
binding of conA. The results of this substantial body of preliminary formulation work are
discussed in Appendix B. The formulation that yielded the best results was used to
prepare membranes for the work described in this chapter. An alternative approach used a
ring-opening catalyst (Zn(BF4)2·xH2O), even though dGluc did not show good dissolution
in many solvent candidates. This work using DMSO as a solvent is described in
Appendix C. This approach was successfully used for my work presented in Chapter 4. It
should be noted that the initial approach was to synthesize a glycomonomer for
polymerization via ATRP, but this work did not result in significant protein binding. This
approach and results are found in Appendix D.
3.3.1 Surface Characterization
Figure 3.1 presents the FTIR spectra used to evaluate the difference in membrane
surface chemistry after modification with glycopolymer chains. After surface-initiated
ATRP was performed to graft PGMA chains from the membrane (spectrum B) a peak
change was observed near 1730 cm-1 which is assigned to the stretching of carbonyl
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Figure 3.1 ATR-FTIR spectrum of (A) unmodified RC60 membrane, (B) grafted PGMA
layer, (C) glycoligand incorporated via reaction condition E.
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groups in PGMA and was anticipated based on previous work (Wang, et al., 2013). Thus,
PGMA has been grafted from the membrane surface. Additionally, there is a reduction in
the intensity of the strong broad peak centered at 3400 cm-1, (attributed to –OH
stretching) and of the peaks in the 1000 – 1200 cm-1 region (C-O stretching and C-H
wagging). Because the range of penetration depth of ATR-FTIR spectroscopy is 0.5 to
2.0 µm, and the PGMA dry layer thickness is on the order of 70 nm (Wang, et al., 2013),
the cellulose bond vibrations are expected to be reduced only slightly. After introduction
of the glycoligand along the PGMA backbone according to Scheme 3.1 (spectrum c),
these same regions show a stronger absorbance. The bonds that contribute to these
vibrations are common to cellulose and d-Gluc. The peak near 1730 cm-1 is more
pronounced after the glycoligand addition, perhaps due to C=O stretching that would be
present if some of the attached glycoligand exists in the open-chain form. Peaks unique to
the incorporated glycoligand would be N-H stretching and wagging. However, because
very little of this compound is present relative to the cellulose substrate, in the case of NH stretching, the peak in these region is very small (700-730 cm-1). In the case of N-H
wagging, the peak is undetectable because it appears in the same region as the broad
hydroxyl group stretching.
3.3.2 Membrane Performance
3.3.2.1 Static Binding
The result of the mass balance indicated the unmodified RC60 membrane
adsorbed no conA after 21 hours. The membrane modified with PGMA and d-Gluc
adsorbed 6.0 ± 0.6 mg conA/mL of membrane, reported as an average and standard
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deviation of three measurements. This binding capacity is comparable with other
literature values, as shown in Table 3.1. For the PPMM substrate, a dramatic increase in
adsorbed conA occurred when the grafting density was above 90 µg/cm2. For the sake of
comparison, the given values were approximated to be on the order of 10 and 45 mg/mL.
The hypothesis is that below a certain grafting density, conA capacity is low because of
the sparsely distributed sugar molecules. However, above a certain chain density, the
proximity of sugar molecules is sufficient to create the necessary multivalent binding
sites for conA. Although grafting density was not varied in the current study, I
hypothesize that the modification technique has not incorporated enough glucosamine to
meet the threshold grafting density to observe this glycoside effect. The binding
capacities of the PHEMA cryogel and Sephadex G 50 are comparable to my membrane
platform; however, the membrane-based substrate has the key advantage of easier scaleup to large volumes, which has been demonstrated in the case of ion-exchange membrane
chromatography (Vogel et al., 2012). It has also been shown that under high loading
conditions membranes can offer higher resolution over some resin chromatography
columns (Bhut et al., 2010). This is an aspect of membrane chromatography worth
exploring for this system.
3.3.2.2 Effect of flow rate
Figure 3.2 and Figure 3.3 show representative chromatograms for operating flow
rates of 1.0 mL/min and 0.1 mL/min, respectively. For a flow rate of 1.0 mL/min, no
lectin was observed when the elution buffer was applied. However, at a flow rate of 0.1
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Table 3.1 Summary of conA adsorbing materials
Substrate

Chemistry

Grafting
Density
2

(µg/cm )

Adsorbed
Species

Adsorbed

Flow Rate

1

PPMM

UV polymerization
alda-d-allyl
glucoside (AG)

2

PHEMA
cryogel

covalent
attachment of
D-mannose

191.9 [mg/g]

Con A

11.2 mg/g

1 mL/min,
2h
recirculation

3

Sephadex
G 50

Cross-linked
dextran

-

Con A

17 mg/g

-

4

RC

ATRP of GMA /
glucosamine
addition

-

Con A

6 mg/cm
(13 mg/g)

90
150

Con A

100 µg/cm
450 µg/cm

3

2
2

Static
binding

Static
binding

The reported values are from the following studies: (1) Yang et al., 2006, (2) Percin et al.,
2012, (3) Akhtar et al., 2005 (4) this study.
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Figure 3.2 Flow rate 1.0 mL/min. Conductivity remained at 15 ± 1 mS/cm and the pH at
7.4 ± 0.1.
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Figure 3.3 Flow rate 0.1 mL/min. Conductivity remained at 15 ± 1 mS/cm and pH at 7.3
± 0.1.

78

mL/min, a small elution peak was observed. This peak corresponded to a capacity of 0.6
mg/mL, approximately 10% of the equilibrium capacity. This is counter to what was
expected: for membranes, dynamic binding capacities often are independent of flow rate
over a given operating range. Multiple examples of this phenomenon are presented in a
review of affinity membrane materials, in which membranes with porosities suitable for
high flow rates provide enough surface area for binding, and access to those binding sites
is not restricted by diffusion (Klein, 2000). Additionally, for the same substrate used in
this study (Whatman RC60 1 µm regenerated cellulose membrane), this effect has been
observed before (Bhut and Husson, 2009; Chenette et al., 2012). In fact, in Bhut and
Husson (2009), flow rates under 1 mL/min presented flow distribution challenges,
resulting in lower binding capacity. Dynamic binding capacities do not increase as flow
rate increases because they are typically measured when 10% of the feed concentration is
present in the exit stream. A higher flow rate does not enable to the protein to access any
more binding sites than at a low flow rate, it only delivers proteins to them more quickly.
3.3.3 Reaction rate analysis
It is recognized that the efficiency of many affinity-type chromatography
processes may be limited by binding kinetics. To assess whether the rate of adsorption or
the convective mass transport of the lectin through the membrane bed was limiting the
degree of lectin adsorption, the first Damkohler number was estimated using the
following analysis.
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The first Damkohler number (Da) is a dimensionless quantity representing the
ratio of the reaction (adsorption) rate to the rate of convective mass transport through a
reactor and is defined by Equation 1:
!" = !!! !

(1)

where k is the reaction rate constant, CP is the feed protein (i.e., lectin) concentration and
τ is the residence time, or space time. The system is modeled as a plug flow reactor with a
second order reaction P + L  PL, where P is the protein and L is the binding site
comprising one or more sugar groups. For this case, Da > 10 indicates that the rate of
adsorption is sufficiently fast that 90% of the available protein will adsorb to the column
(Da = 1/(1-X) for conversion, X). As Da decreases, less protein will adsorb due to a slow
rate of adsorption and insufficient space time for the adsorption to occur, with mass
transport of the protein to the binding site having relatively little impact on degree of
binding.
Clegg et al. (1981) measured the association and dissociation rate constants for
various saccharides to conA using a temperature-jump relaxation technique and found the
association rate constant to be 5 × 104 M-1s-1 and 4 × 104 M-1s-1 for methyl Me-Glcp and
Me-Manp, respectively, at 25 °C and pH 7.2. A value of 4 × 104 M-1s-1 was used to
approximate the rate constant for the adsorption of conA to the glucose site on the grafted
glycopolymer.
The feed concentration in this study CP was 1 mg/mL and the molar mass of
tetrameric conA is estimated to be 108 kDa. In the chromatography column used (CV =
0.143 mL), a volumetric flow rate of 1.0 mL/min equates to a residence time of 8.6
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seconds. Together these parameters result in a Da of 3.2. Under these conditions, 69% of
the available protein would be expected to adsorb to a binding site as it passes through
the membrane bed. In this study, no protein was detectable in the elution peak. This result
may indicate other compromising factors are present. Firstly, if the glucose functional
groups are not in a favorable position to form a multivalent binding site, adsorption will
be restricted. Secondly, membranes have been shown to exhibit uneven flow distribution
especially at low flow rates (Bhut and Husson, 2009) and in columns with short bed
height (Knudsen, 2001). A non-uniform pore size distribution is another factor that can
result in less than theoretical performance. In this scenario, proteins follow preferential
flow paths through larger pores, reducing the local protein concentration at binding sites
in smaller pores. As a result, larger pore size distribution results in broader breakthrough
curves, a well-known concept that has been modeled and discussed in detail (Liu and
Fried, 1994) and continues to be the focus of membrane materials research. Finally, this
model uses a literature value for the rate constant. Boi et al. (Boi et al., 2006) studied the
adsorption kinetics of galactose-specific Momordica charantia lectin (MCL) on different
membrane supports and found that the rate of adsorption differed. Performing a detailed
study that measured the kinetic constant for this system would enhance the accuracy of
the model.
For the theoretical system to adsorb a high percentage (>90%) of the available
protein, such that the rate of adsorption is not hindering the binding of conA to the
glycopolymer, the bulk concentration of conA or the residence time would need to be
increased by at least 3-fold. For a flow rate of 0.1 mL/min, the residence time is 86
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seconds, and the calculated Da is 32, which corresponds to theoretically 97% protein
adsorption. The ability to observe faster, flow-rate independent separations, which is one
advantage of utilizing membranes, is restricted by the inherently slow nature of the
binding reaction occurring along the polymer tentacles on the membrane surface.
Nonetheless, regenerated cellulose membranes have other advantages such as easy scaleup and lower pressure drop relative to some resins and gels that make it a desirable
platform even under slow operating conditions. Furthermore, there still exists potential
for tuning and optimizing the glycopolymer architecture on this platform by altering the
ATRP grafting and ligand reaction conditions that may increase the capacity. Membrane
platforms also offer other advantages highlighted by previous authors, such as better
resolution than resin media under high loading conditions (Bhut et al., 2010).

3.4 Conclusions
Affinity membranes for the adsorption of the lectin conA were fabricated by
reacting dGluc to epoxy groups grown from the surface of regenerated cellulose through
surface-initiated ATRP. Membranes were characterized with ATR-FTIR spectroscopy to
confirm ligand incorporation. Static binding capacity was quantified and found to be
comparable to that of other substrates. Limitations in characterization prohibited the
quantification of ligand incorporation, which would elucidate if experimental grafting
densities were high enough to achieve optimal binding under the “glycoside cluster
effect.” Qualitative dynamic binding capacity measurements in conjunction with an
analysis of transport phenomena indicate the binding kinetics may limit adsorption.
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CHAPTER 4	
  
AFFINITY MEMBRANE ADSORBERS FOR BINDING ARGININE-RICH
PROTEINS
4.1 Introduction
Advances in anti-cancer drugs have lead to protein chemotherapeutics that work
by targeting abnormal proteins expressed within cancer cells, rather than by killing
rapidly-dividing cells, some of which might be healthy. A challenge in the development
of these new protein therapeutics is delivering them successfully into cells (Fuchs and
Raines, 2005). One approach is to make use of cell-penetrating or cell-permeable
peptides (CPPs) by fusing the peptide to the protein therapeutic, enabling both to enter
the cell (Beerens et al., 2003; Green et al., 2003). One CPP is the TAT peptide
(GRKKRRQRRRPQ), which is rich in arginine (R) and is a well-studied fragment of the
HIV transactivator protein. The large number of arginine units that facilitate transmembrane transport of the chemotherapeutic also serve as a target for developing a
purification strategy for CPPs.
The purification process for protein therapeutics prepared by cell-culture involves
centrifugation and depth filtration to remove intact cells and cell debris, followed by
chromatography operations that typically include one or more affinity chromatography,
ion-exchange (IEX) chromatography, and hydrophobic interaction chromatography (HIC)
steps to isolate the target protein, and ends with ultrafiltration/diafiltration for
concentration and formulation of the product (Mehta et al, 2008). Affinity
chromatography, which is the reversible binding of a target protein to an immobilized
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ligand for which the target protein has high affinity, is a powerful technique because it
can obtain a high degree of purification in a single step. An important example is Protein
A chromatography, which is used for antibody purification. One drawback to Protein A
affinity chromatography is that it is an order of magnitude more expensive than other
chromatography steps, as the ligand which binds the product is a protein itself (Han et al.,
2011).
Alternative affinity chromatography techniques for protein purification include
(1) immobilized metal ion affinity chromatography (IMAC), in which histidine-rich
regions within the protein or His-tags of fusion proteins have an affinity for metal ions
(Huse et al., 2002); (2) implementation of less expensive, orthogonal IEX and HIC steps
in series (Follman and Farhner, 2004; Grzeskowiak et al., 2009), and (3) use of synthetic
ligands (Labrou, 2003). Depending on the target protein, other affinity ligands may be
used to bind to specific chemical characteristics, such as is done with glycoproteins,
dehydrogenases, and endotoxins (Cutler, 2004).
This work explored the potential for a new class of affinity chromatography
materials, which targets the Arg-rich region or Arg-tag of a protein or fusion protein, with
an important class being CPPs such as the TAT peptide. Beyond the utility for obtaining
CCPs, separations that target binding an Arg-tag may be preferable to binding the widely
used His-tag, a metal ion-based affinity group. IMAC employs chelated Ni(II) or Zn(II)
ions which can leach metal ions into solution, causing protein loss and lower protein
yields (Ueda, et al., 2003), as well as posing a health risk, as Ni(II) and Co(II) are known
carcinogens (Beyersmann, 2002). Additionally, Arg residues are generally located on the
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outer surfaces of proteins, making them more accessible for binding than His (GarbercPorekar and Menart, 2001). One chemistry that has been shown to have a strong affinity
for Arg-rich proteins is the “Arginine tweezer” formed by polymeric bisphosphonates
(Renner et al., 2006; Wenck et al., 2007, Arendt et al., 2006). Covalently attaching a
similar molecule to the surface of the stationary phase may be a less hazardous and more
efficient way to purify proteins bearing Arg-tags or Arg-rich regions.
The stationary phase used in traditional chromatography protocols for therapeutic
protein purification is resin beads that contain the specific ligands that bind the target
protein found in the aqueous mobile phase. An important advancement in
chromatography for protein separations has been the emergence of membrane
chromatography (Ghosh, 2002), in which a stack of porous membranes replaces the resin
bed. In this platform, the ligands are attached to the internal surfaces of the membranes,
and fluid flows through the open pore network of the membrane bed. Literature reviews
of membrane processes in biotechnology articulate that one advantage membranes offer
is non-diffusion-limited transport of the protein to the binding site due to their open pore
structure (Charcosset, 2006; van Reis and Zydney, 2007; Saxena et al., 2009; Orr et al.,
2013). Thus, lower residence times and faster flow rates can be implemented to increase
productivity (i.e., throughput of purified protein per column volume per time). This study
uses a membrane substrate, and further contributes to the growing field of membrane
chromatography.
A disadvantage often cited for membrane chromatography is its inherently low
surface area to volume ratio compared to that of traditional resins, which results in less
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area for proteins to adsorb to the surface. However, novel surface modification
techniques have been employed to incorporate polymers with brush-like structures, which
increased protein binding capacities to competitive, and in some cases superior values
(Bhut et al., 2010; Menkhaus et al., 2010) relative to commercial resins. This study
employs surface-activated atom transfer radical polymerization (ATRP) to graft polymers
with functional epoxide groups capable of further modification with affinity ligands.
Attempts to synthesize bisphosphonate monomers for ATRP are presented in
Appendix E but did not give desired results. Thus, a commercially available molecule
containing a single phosphonate group on a di-substituted benzyl amine was selected as
the affinity ligand. My hypothesis was that the proximity of phosphonate groups within
the polymer after ligand incorporation may achieve some of the characteristic “tweezer”
shapes like that of the tri-substituted bisphosphonate.

4.2 Experimental section
4.2.1 Materials
Regenerated cellulose membranes with a reported nominal pore size of 1.0 µm,
thickness of 70 µm, and diameter of 47 mm were purchased from Whatman, Inc. (Dassel,
Germany).
The following chemicals and solvents were purchased from Sigma-Aldrich (St.
Louis, MO) with purities reported in weight percent where available: α-bromoisobutyryl
bromide (BIB), 98%; glycidyl methacrylate (GMA), 97%, contains 100 ppm monomethyl
ether hydroquinone as inhibitor; inhibitor removers, for removing hydroquinone and
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monomethyl ether hydroquinone; copper(I) chloride (Cu(I)Cl), ≥99.995%; hydrochloric
acid (HCl) 37%, ACS grade; lysozyme from chicken egg white, lyophilized powder,
protein ≥90 %; dichloromethane (DCM), ≥99.5%, contains 50 ppm amylene; sodium
chloride (NaCl), ≥ 99.0%; tetrahydrofuran anhydrous (THF), ≥ 99.9%, inhibitor-free;
zinc tetrafluoroborate hydrate, (Zn(BF4)2·xH2O).
2-Bromo-2-methylpropionic acid (BPA, 98%) and 1,1,4,7,7pentamethyldiethylenetriamine (PMDETA), 98+% were purchased from Acros Organics
(Geel, Belgium).
The following chemicals were purchased from Fisher Scientific (Fairlawn, NJ):
hydrogen peroxide (H2O2), 30%; methanol, HPLC 99.9%; tetrahydrofuran (THF),
certified, contains about 0.025% butylated hydroxytoluene as a preservative; phosphate
buffered saline (PBS); sulfuric acid (H2SO4) (95.0-98.0 %).
The following were purchased from Alfa Aesar (Ward Hill, MA): Diethyl 4aminobenzyl phosphonate (D4ABP), 99%; methanol, anhydrous, 99.9%; sodium
hydroxide (NaOH), 97.0%.
Poly(glycidyl methacrylate) (PGMA, MW 290,000 g/mol) was synthesized
according to Appendix F using four precipitation steps and dissolved in THF to make a
0.5 wt % solution for dip-coating a PGMA anchoring layer onto silicon wafers.
Cellulose acetate syringe filters with 0.2 µm nominal pore size were purchased
from VWR (Radnor, PA).
Single-side polished prime grade Silicon wafers (1 cm × 3 cm) were purchased
from Nova Electronic Materials (Flower Mound, TX).
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Buffers used in this study include binding buffer (B) composed of 10 mM PBS
buffer modified to pH 7.4 with NaOH, and elution buffer (E) composed of B with 3 M
NaCl. The protein solutions for this study comprised lysozyme at various concentrations
in the range 0.1−1.0 mg/mL in buffer B. All protein solutions were filtered through a 0.2
µm cellulose acetate filter prior to use. Distilled deionized water was obtained using a
Milli-Q water purification system (EMD Millipore, Bedford, MA) and was used to
prepare all buffer solutions. All buffers and protein solutions were used at room
temperature.
4.2.2 Silicon wafer preparation and surface modification
Silicon wafers were cleaned and underwent surface functionalization according to
methods described in the literature (Bhut, et al., 2008; Samadi, et al., 2005; Wandera, et
al., 2011) with one difference: the solvent for PGMA deposition in this study was THF. A
detailed procedure for preparing wafers and selecting dipping speeds is given in
Appendix G.
Volumes and masses are reported on a basis of one 1 cm × 3 cm silicon wafer.
PGMA was grown from the surface of the functionalized wafers by surface-initiated atom
transfer radical polymerization (ATRP) of glycidyl methacrylate (GMA) (3.6 M, 5.2 g) in
THF (5.0 mL) with a catalyst complex of Cu(I)Cl (9 mM, 9.0 mg) and PMDETA (9 mM,
0.019 mL) for 21 h. Details about this procedure were reported earlier by Wang et al.
(Wang et al., 2014). Wafers were stored in THF and dried with N2 before thicknesses
were measured.
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The epoxide-ring opening reaction was carried out in 22 mL glass test tubes
sealed with rubber stoppers containing D4ABP (0.730 g, 0.25 M) in CHCl3 (12 mL)
facilitated by the catalyst Zn(BF4)2·xH2O (0.025 M, 0.104 g) under ambient conditions
for times of 30 min, 1 h, and 2 h on a shaker table at 40 rpm. After the reaction, wafers
were rinsed three times in 10 mL CHCl3 and stored in CHCl3 until being dried with N2
for thickness measurements.
4.2.3 Membrane surface modification
4.2.3.1 Membrane surface activation and polymer grafting
Membranes were activated by reacting with BIB (18 µM, 111 µL) in THF (49.9
mL) for 2 h under constant stirring at 35 °C in a glovebox (MBRAUN UNIlab) with a
nitrogen environment (O2 < 10 ppm, H2O < 1 ppm) in the same fashion as was reported
earlier (Chenette et al., 2012). Membranes were further modified by as described above
using surface-initiated ATRP of GMA with (3.6 M, 17.06 g) in THF (16.35 mL)
catalyzed with a complex of Cu(I)Cl (9 mM, 29.7 mg) and PMDETA (9 mM, 0.063 mL)
for 21 h.
4.2.3.2 Incorporation of D4ABP ligand
Membranes were reacted with D4ABP under multiple conditions, based on the
Zn(BF4)H2 xH2O-catalyzed ring-opening reaction in solution at room temperature
described in the literature (Pujala et al., 2011). The reaction conditions listed in Table 4.1
were used for the heterogeneous surface modification reaction illustrated in Scheme 4.1.
Formulation conditions varied solvent type, concentrations, epoxide:ligand:catalyst ratio,
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Table 4.1 Conditions for catalyst-assisted ring-opening of PGMA epoxide groups for
reaction with D4ABP

solvent
A
Ba
C
D
D2
D3b
D4c
E
F
Gb
Hb
H2 b
H4
Ib

MeOH
MeOH
MeOH
MeOH
CHCl3
CHCl3
CHCl3
MeOH
MeOH
MeOH
CHCl3
CHCl3
CHCl3
DCM

solvent
volume per
membrane
(mL)
45
45
45
45
45
45
12d
45
45
100
100
100
100
100

D4ABP
(M)

Zn(BF4)2xH2O
(M)

agitation

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.011
0.011
0.011
0.011
0.011

0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.012
0.012
0.012
0.012
0.012

none
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm
40 rpm

reaction
time
(h)
2.5
7
19
> 400
2, 4, 9, 43
2
0.5, 1, 2
7
7
19
19
2, 4, 9, 43
20
27

gas in
headspace
air
N2
N2
N2
air
air
air
N2
air
air
air
air
air
air

a – membrane rinsed with DCM prior to reaction
b – added 1) catalyst, 2) membrane, 3) D4ABP in 3 batches over 5 minutes to solvent
c – added 1) catalyst, 2) membrane, 3) D4ABP in 2 batches over 5 minutes to solvent
d – volume is reported on the basis of one Si wafer chip
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agitation rate, reaction times, and headspace gas. Appendix H provides additional notes
on the dissolution of D4ABP in these and other solvents.
4.2.4 Surface Characterization
4.2.4.1 ATR-FTIR spectroscopy
Membrane surfaces were characterized with attenuated total reflectance Fouriertransform infrared spectroscopy (ATR-FTIR) using a Thermo Scientific Nicolet 550
Magna-IR Spectrometer with a diamond crystal. An ATR correction was applied to each
spectrum and the baseline was corrected manually within the Omnic ESP version 6.1a
software. A background spectrum was collected prior to each measurement of a dried
membrane sample, taken with 16 scans and a resolution of 4.0 cm-1.
4.2.4.2 Ellipsometry
The surface dry layer thicknesses of the polymer layers before and after reaction
with D4ABP were measured using a multi-angle ellispometer (Beaglehole Instruments
Picometer™, He–Ne laser, λ=632.8 nm). Measurements were taken at three locations on
each surface and averaged. Refractive indices of 3.875, 1.455, 1.525, 1.451, and 1.525,
were used for silicon, silicon dioxide, PGMA, BPA, and ATRP-grafted PGMA,
respectively, within the model. Igor Pro 4.0.9.1 (Wavemetrics, Oswego, OR) software
program was used to apply the Cauchy model to obtain the dry layer thickness from the
measured values of Ψ and Δ and the specified refractive indices.
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4.2.5 Membrane Performance
Membranes were equilibrated in B before being introduced into 40 mL of protein
solution for 22 h. The initial and final protein concentrations were measured using a
calibration curve relating absorbance (280 nm) to concentration with a Carey UV-vis
spectrophotometer (Aligent Technologies, Santa Clara, CA). Static binding capacity was
calculated using a mass balance, taking into account the small volume carried over after
equilibration in buffer B, to determine the mass of protein bound to the membrane per
unit volume.

4.3 Results and Discussion
4.3.1 Surface Characterization
4.3.1.1 D4ABP incorporation into PGMA-modified membranes
ATR-FTIR spectroscopy was used to characterize the membrane surface
chemistry before and after each surface modification step. Figure 4.1 shows the spectra of
a bare membrane and one after ATRP of GMA.
The scans of conditions B, E, F were compared to determine the effect of the
reaction environment (agitation, headspace gas, rinse condition) with the same solvent,
MeOH. Conditions A, B, C, D were compared to see the effect of reaction time. Figure
4.2 shows the spectra for membranes modified under these conditions. The peak near
1500 cm-1 is attributed to the 1,4-di-substituted aromatic ring of D4ABP. No significant
difference is observed among conditions A, B, E, F (Figure 4.2); so subsequent runs used
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Figure 4.1 ATR-FTIR spectrum of unmodified RC60 regenerated cellulose membrane,
and of membrane after ATRP-grafted PGMA, which contains a peak at 1730 cm-1
assigned to C=O.
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Figure 4.2 ATR-FTIR spectra of conditions of A, B, C, D, E, F. Scan of condition D
contains a peak near 1500 cm-1.
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an agitation speed of 40 rpm, headspace of air, and no DCM rinse. Longer reaction times
yielded higher relative absorbance values for the peak at 1518 cm-1, which I hypothesized
was due to higher conversion of epoxide groups with D4ABP. However, the time
associated with condition D was determined to be unreasonably long.
Because the guiding reaction described in the literature used homogenous reaction
conditions and emphasized that solvent-free conditions led to faster rates of reaction, I
employed the suggestion that a higher catalyst-to-ligand ratio may increase the rate of
reaction (Pujala et al., 2011). Figure 4.3 shows condition G (1.1:1.0 catalyst-to-ligand). A
comparison with condition C (0.1:1.0) shows no increase in peak absorbance at 1518 cm1

.

Solvent selection was evaluated, as some solvents may interact/coordinate with the

catalyst. It was reported that DCM was a reasonable catalyst, however D4ABP did not
dissolve well in DCM (Appendix H). Chloroform also was tested as a solvent similar in
structure, but containing an acidic proton capable of hydrogen bonding. The reaction with
higher catalyst-to-ligand ratios was carried out in MeOH and the alternate solvents
CHCl3, and DCM (conditions G, H, I, respectively). As observed in Figure 4.3, the
relative absorbance for the peak near 1500 cm-1 is largest in condition H, with CHCl3.
Additionally, the peak near 1450 cm-1 observed for condition H may be attributed to the
vibrations of P-CH2- bonds. The small peaks near 850 cm-1 in spectrum H and I may be
attributed to the C-H out-of-plane bending vibrations associated with a para-substituted
benzyl group, as well as the stretching of the P-O-C aliphatic arms, both of which are
present within the D4ABP compound but not on the membrane surface before the
reaction.
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Figure 4.3 ATR-FTIR spectra of conditions G, H, and I.
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In addition to be a hydrogen bond donor, CHCl3 has a larger dipole moment than
DCM, which leads to better dissolution of the catalyst and D4ABP in the solvent, and
thus yields a faster rate of reaction. However, MeOH has a higher relative polarity than
CHCl3,and so polarity alone is not the only solvent factor impacting the rate of this
heterogeneous reaction. Because it is known that PGMA is soluble in CHCl3 and
precipitates in cold methanol, a lower extent of reaction in MeOH may be due to a lower
concentration of dissolved epoxy groups.
To better understand the relationship between peak height at 1500 cm-1 and
reaction time, a second time study was conducted for conditions D (but in CHCl3) and H,
noted D2 and H2, respectively. Figure 4.4 shows the FTIR spectroscopy results. In
addition to the changes occurring near 1500 cm-1 it should be noted that the peaks in the
fingerprint region (1000 – 1150 cm-1) of cellulose change with longer reaction times, and
appear to be more characteristic of rayon. I hypothesize the acidic conditions introduced
by the catalyst may be reorganizing some of the hydrogen bonds within the cellulose
structure. In the application of membrane chromatography, structural integrity is
important, and so this change to the substrate may be undesirable. For this reason, and
also because the peak at 1500 cm-1 decreases as this membrane restructuring occurs,
condition H2 for a time of 2 h was selected as the best condition.
4.3.1.2 Estimating D4ABP incorporation into PGMA-modified Si Wafer
Thickness and RI measurements. Dry layer thickness measurements were
performed after each subsequent reaction, using data on the previously measured layers
in the model fit. All of the wafers underwent the same treatment up to the final reaction
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Figure 4.4 ATR-FTIR spectra of membranes modified under conditions H2 and D2 for
2h and 43h. A shows entire scan, an insert (B) is given for better view.
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with D4ABP. The reaction with D4ABP was done for 30 min with wafers 1 and 3, 1 h
with wafers 4 and 5, and 2 h with wafers 2 and 6. Figure 4.5 presents the dry layer
thickness measurements. While a difference in the polymer layer thickness before and
after incorporation of D4ABP was anticipated, it was not observable within the standard
deviation of the measurements. In the combined layer model, the refractive index (RI) of
ATRP PGMA and of D4ABP-PGMA was obtained by the model fit in addition to the
layer thickness. Figure 4.6 shows the RI of the ATRP PGMA layer and the D4ABPPGMA layer for each wafer. There was a decrease in the RI after the incorporation of
D4ABP, which is supported by the accepted literature values for the individual species:
PGMA (1.525) and D4ABP (1.497). Wafers 2 and 6 (which underwent a 2 h reaction
time) show the largest change, as other shorter times showed no observable change in RI.
Fractional Conversion Analysis. To estimate the fractional conversion, I
considered the D4ABP-PGMA polymer film to be a mixture of two species. The ATRP
PGMA alone is an ideal species, and the reaction with D4ABP was assumed to occur
uniformly throughout the layer, and it was assumed PGMA and D4ABP-PGMA form an
ideal mixture. Equation 1 was used as the framework to compute fractional conversion.
!
!!"#$!!!!"#

!

= !!"#$ +
!"#$

(!!!!"#$ )

(1)

!!!!"#

where v is the molar density, x is the mole fraction. For a binary system, the mole fraction
of the product (1 - xPGMA) is also the fractional conversion, f. To make use of this
relationship, I obtained the molecular volume, N, of the individual and the mixed species
with the Lorentz-Lorenz Equation (Equation 2), a common expression used for refractive
index analysis (Mehra, 2003).
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Figure 4.5 Dry layer thickness values. The model used literature values for the RI of all
materials except for ATRP PGMA and D4ABP PGMA that were obtained from the
model (see Figure 4.6). Error bars show the standard deviation of three measurements
within one Si wafer chip.
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Figure 4.6 Refractive indices obtained with combined layer model. Error bars represent
the standard deviation in the three measurements.
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The refractive index of one species is represented by n and the molecular polarizability is
represented by α. For this analysis the molecular polarizabilities of the ATRP PGMA
layer and the PGMA-D4ABP layer were assumed to be the same, making N proportional
to !. Equation 1 can be rearranged to take the form of Equation 3,
!!"#$ =

!!"#$ !!!!"#
!!"#$!!!!"#

−    !!"#$

!
!!!!"# !!!"#$

(3)

and through substitution, can be combined with Equation 2 to obtain xPGMA in terms of !
as shown in Equation 4
!!"#$ =

!!"#$ !!!!"#
!!"#$!!!!"#

−    !!"#$

!
!!!!"# !!!"#$

(4)

to arrive at the fractional conversion, f = 1- xPGMA. Because the RI for wafers 1, 3, and 5
did not change significantly after the reaction (Figure 4.6), only wafers 2, 4, and 6 are
reported in Table 4.2. The variation in f is the standard deviation of three measurements
on the wafer.
The fractional conversion varied widely between the two 2 h wafer samples due
to the difference in the RI values measured for the PGMA-D4ABP layer obtained from
each wafer. Although the data were not consistent enough to quantify the amount of
D4ABP incorporated, it confirmed a chemical change in the polymer film. It may be
possible that the polymer contained a gradient of converted epoxy groups, as some are
more or less accessible within the dense polymer layer. This means the RI would not be
uniform throughout the polymer film, as the model assumes. This may be one reason why
large variation between wafers was observed.
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Table 4.2 Fractional Conversion Estimation
Time (h)
0.5
1
2

Wafer
1
3
4
5
2
6

fractional
conversion, f
0.57±0.08
0.24±0.20
1.17±0.22
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4.3.2 Static binding capacity
Capacity measurements indicated 3 mg/mL lysozyme bound to membranes
modified following condition H2. This value was lower than expected. Estimating the
number of epoxy groups per membrane volume by measuring changes in dry mass before
and after ATRP indicate a molar ratio of potential binding sites (assuming 100%
conversion of epoxy groups) to adsorbed lysozyme is less than 1000:1. This indicates
either relatively little D4ABP was incorporated into the PGMA, or sufficient D4ABP was
incorporated, but was not in a favorable orientation to facilitate an affinity adsorption. To
achieve an affinity similar to that of bisphosphonate, I hypothesize that multi-valent
binding is necessary.

4.4 Conclusions
ATR-FTIR spectroscopy and RI analysis methods suggested successful
incorporation of the benzyl phosphonate ligand into ATRP-grafted PGMA through a
catalyst-assisted ring-opening reaction in CHCl3. Formulation conditions that yielded the
largest IR peak heights associated with the ligand were used to construct affinity
membranes that bound lysozyme, a model protein with an Arg-rich region. The lysozyme
binding capacity using D4ABP was low compared to bisphosphonate ligands used in
prior studies, but it is not clear if this outcome is due to low fractional conversion of
epoxide groups on the membrane to ligand or if the orientation of the ligands is
unfavorable for multivalent binding to occur. Because there is the potential that two
epoxy groups could react with the primary amine of D4ABP, there is potential to increase
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the ligand incorporation through other reaction approaches, such as coupling the D4ABP
with the GMA monomer before performing ATRP. However, the approach taken here to
couple the ligand after grafting PGMA circumvents challenges associated with ATRP of
complex monomers and allows use of commercial reactants. Further studies would need
to be performed to understand important concerns including binding kinetics and Argselectivity. However, achieving higher static binding capacities is needed before
investment in these studies should be undertaken.

4.5 References
M. Arendt, W. Sun, J. Thomann, X. Xie, and T. Schrader. Dendrimeric bisphosphonates
for multivalent protein surface binding. Chemistryâ€“An Asian Journal, 1 (2006) 544.
A. Beerens, A. Al Hadithy, M. Rots, and H. Haisma. Protein transduction domains and
their utility in gene therapy. Current gene therapy, 3 (2003) 486.
D. Beyersmann. Effects of carcinogenic metals on gene expression. Toxicol.Lett., 127
(2002) 63.
B.V. Bhut, S.R. Wickramasinghe, and S.M. Husson. Preparation of high-capacity, weak
anion-exchange membranes for protein separations using surface-initiated atom transfer
radical polymerization. J. Membr. Sci., 325 (2008) 176.

109

H.C.S. Chenette, J.R. Robinson, E. Hobley, and S.M. Husson. Development of highproductivity, strong cation-exchange adsorbers for protein capture by graft
polymerization from membranes with different pore sizes. J. Membr. Sci., 423-424
(2012) 43.
P. Cutler, Affinity Chromatography, in P. Cutler (Ed.), Protein purification protocols,
Springer, 2004.
D.K. Follman, R.L. Fahrner. Factorial screening of antibody purification processes using
three chromatography steps without protein A. J. Chromatogr. A, 1024 (2004) 79.
S.M. Fuchs, R.T. Raines. Polyarginine as a multifunctional fusion tag. Protein science, 14
(2005) 1538.
V. Gaberc-Porekar, V. Menart. Perspectives of immobilized-metal affinity
chromatography. J. Biochem. Biophys. Methods, 49 (2001) 335.
R. Ghosh. Protein separation using membrane chromatography: opportunities and
challenges. J. Chromatogr. A, 952 (2002) 13.
I. Green, R. Christison, C.J. Voyce, K.R. Bundell, and M.A. Lindsay. Protein
transduction domains: are they delivering? Trends Pharmacol. Sci., 24 (2003) 213.
J.K. Grzeskowiak, A. Tscheliessnig, P.C. Toh, J. Chusainow, Y.Y. Lee, N. Wong, et al.
Two-dimensional fluorescence difference gel electrophoresis for comparison of affinity
and non-affinity based downstream processing of recombinant monoclonal antibody. J.
Chromatogr. A, 1216 (2009) 4902.

110

X. Han, A. Hewig, and G. Vedantham, Chapter 14: Recovery and Purification of
Antibody, in M. Al-Rubeai (Ed.), Antibody Expression and Production, New York,
Springer Verlag, 2011.
K. Huse, H. Böhme, and G.H. Scholz. Purification of antibodies by affinity
chromatography. J. Biochem. Biophys. Methods, 51 (2002) 217.
N. Labrou. Design and selection of ligands for affinity chromatography. J. Chromatogr.
B, 790 (2003) 67.
R. Mehra. Application of refractive index mixing rules in binary systems of hexadecane
and heptadecane withn-alkanols at different temperatures. J. Chem. Sci., 115 (2003) 147.
A. Mehta, M.L. Tse, J. Fogle, A. Len, R. Shrestha, N. Fontes, et al, Purifying therapeutic
monoclonal antibodies, Chem. Eng. Prog., 104 (2008) 14.
T.J. Menkhaus, H. Varadaraju, L. Zhang, S. Schneiderman, S. Bjustrom, L. Liu, et al.
Electrospun nanofiber membranes surface functionalized with 3-dimensional nanolayers
as an innovative adsorption medium with ultra-high capacity and throughput. Chem.
Commun., 46 (2010) 3720.
B. Pujala, S. Rana, and A.K. Chakraborti. Zinc Tetrafluoroborate Hydrate as a Mild
Catalyst for Epoxide Ring Opening with Amines: Scope and Limitations of Metal
Tetrafluoroborates and Applications in the Synthesis of Antihypertensive Drugs
(RS)/(R)/(S)-Metoprolols. J. Org. Chem., 76 (2011) 8768.
C. Renner, J. Piehler, and T. Schrader. Arginine-and lysine-specific polymers for protein
recognition and immobilization. J.Am.Chem.Soc., 128 (2006) 620.

111

A. Samadi, S.M. Husson, Y. Liu, I. Luzinov, and S.M. Kilbey II. Low Temperature
Growth of Thick Polystyrene Brushes via ATRP. Macromol. Rapid Comm., 26 (2005)
1829.
N. Singh, S.M. Husson. Adsorption thermodynamics of short-chain peptides on charged
and uncharged nanothin polymer films. Langmuir, 22 (2006) 8443.
E. Ueda, P. Gout, and L. Morganti. Current and prospective applications of metal ion–
protein binding. J. Chromatogr. A, 988 (2003) 1.
R. van Reis, A. Zydney. Bioprocess membrane technology. J. Membr. Sci., 297 (2007)
16.
D. Wandera, S.R. Wickramasinghe, and S.M. Husson. Modification and characterization
of ultrafiltration membranes for treatment of produced water. J. Membr. Sci., 373 (2011)
178-188.
K. Wenck, S. Koch, C. Renner, W. Sun, and T. Schrader. A noncovalent switch for
lysozyme. J.Am.Chem.Soc., 129 (2007) 16015.

112

CHAPTER 5	
  
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
Using membrane adsorbers for bind-and-elute bioseparations is a promising
approach to address the growing need of high-productivity separation tools for the
production of mAb, protein, and peptide-based products. This work focused on
fabricating three distinct types of membranes that hold promise as alternatives to
traditional affinity chromatography: (a) cation-exchange membranes for protein capture,
(b) membranes that bind conA (a plant-derived protein, or lectin) through carbohydratesugar affinity, and (c) membranes with a synthetic ligand chemistry similar to that which
selectively binds Arg-rich regions of proteins or peptides.
Each study used surface-initiated atom transfer radical polymerization (ATRP) to
grow polymer chains from macroporous membrane supports. In case (a) these monomers
contained the interactive ligand and in case (b) and (c) the monomer contained an epoxy
group capable of further reaction to incorporate the interactive ligand. Development of
each membrane platform provided unique challenges. In the case of the cation-exchange
membranes, formulation work was required to avoid catalyst deactivation by the acidic
monomer and enhanced monomer solubility in an aprotic solvent. Once my work
developing the chemistry for the cation-exchange membranes was successful, research
emphasis was given to characterization and thorough, though simplistic, performance
testing of these membranes (Chapter 2). The nature of the work developing affinity
membranes for conA and Arg-rich species involved many challenges (initially with
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monomer synthesis, which is presented in Appendix E), including optimizing and
characterizing ligand incorporation, and understanding the kinetic adsorption behavior.
Thus, Chapter 3 and Chapter 4 focused on these subjects. Succinct summaries and
concluding remarks from each of these studies are given here.
Chapter 2 summary: Cation-exchange membranes with SO3- or “S” ligand
chemistry were prepared by grafting poly(SPMAK) using an organic solvent-based
ATRP method that implemented a crown ether to coordinate with the potassium ion of
the charged monomer. This approach both assisted in dissolution of the monomer and
protection of the catalyst complex. Polymer synthesis was informed by kinetic studies
carried out on functionalized silicon wafers acting as a model surface, enabling dry layer
thicknesses to be measured as a function of polymerization time. A non-linear
relationship between layer thickness and polymerization time was observed for two types
of copper chloride catalyst complexes. This indicated polymer chain growth was fast and
not fully controlled. Growth of poly(SPMAK) from regenerated cellulose membranes
was supported by ATR-FTIR spectroscopy results. Equilibrium protein binding for three
membrane pore sizes (1 um, 0.45 um, and 0.2 um) could be modeled effectively using the
Langmuir adsorption isotherm, which was expected given the nature of the binding (ion
exchange) under conditions of constant pH. Membranes with the smallest pore sizes
exhibited the highest maximum binding capacity parameter, in support of the hypothesis
that membranes with smaller pore sizes have higher surface area, and thus, more active
area for grafting the functionalized polymer chains used for protein binding. In a similar
fashion, the maximum capacity parameter of the Langmuir isotherm increased with
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increasing polymerization time, which supported the hypothesis that longer polymer
chains are capable of increasing the binding capacity. The effects of pore size and
polymerization time on pure water flux were measured. Using dynamic binding capacity
measurements at different flow rates, I introduced the metric of productivity, defined as
the dynamic binding capacity at 10% breakthrough divided by the time until 10%
breakthrough, to quantify the mass of protein that adsorbs to the membrane bed volume
accounting for residence time. While flux declined with smaller pore size and longer
polymerization time, the productivity of all membranes (~300 mg/mL/min) were nearly
two orders of magnitude higher than that of the commercial resin product (4 mg/mL/min)
with the same ligand chemistry.
Chapter 2 conclusions: These findings have the potential for a strong impact in
bioprocessing industry; particularly applications that demand short processing times and
that would benefit from disposable separation media. For example, process development
teams tasked with quickly establishing purification conditions to obtain biologics for
clinical trials could reduce lengthy resin processes from several hours to several minutes
by using membranes.
Chapter 3 summary: Membranes were developed for lectin purifications. I
discussed my work formulating reaction conditions to react the lectin-binding
glycoligand, dGluc-HCl, with epoxide side groups of ATRP-grafted PGMA chains on the
pore surfaces of regenerated cellulose membranes. Multiple solvents, temperatures,
times, and concentrations were tested in an effort to find a condition that maximized yield
(and minimized the undesired Maillard reaction) in a reasonable timescale. Low dGluc-
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HCl concentration at higher volumes per membrane for moderate reaction times gave the
best results. Formulation work leading to the working set of conditions is discussed in
Appendix B. ATR-FTIR spectroscopy characterization of the membrane surface was
used to guide formulation work, and to support the successful incorporation of dGluc.
Static binding capacity was measured for the final formulation, giving a value of 6.0
mg/mL, comparable to other existing conA-binding materials. Dynamic binding capacity
measurements indicated the binding depended on flow rate, which was affirmed by a
model-based analysis of the rate of adsorption versus convective flow through the
adsorptive bed. The first Damkohler number showed that for a flow rate of 1.0 mL/min,
the lectin adsorption is limited by the binding kinetics.
Chapter 3 conclusions: These findings imply that to create high-productivity
adsorbers for conA purification, the research focus needs to go beyond using a support
material low diffusion limitations and using a modification technique that can incorporate
a high number of ligands. Additionally, research needs to focus on enhancing the binding
kinetics of the carbohydrate to the glycopolymer ligands. One study measured and found
different binding kinetics for conA adsorption onto different substrates (Boi et al., 2006).
This result is also significant for advanced separations materials that may want to
combine multiple types of intermolecular interactions in one substrate. Care needs to be
taken to evaluate adsorption kinetic behavior, as different flow rates may enable some
adsorptions but not others. Addressing these elements for improved purification of conA
and other lectins would make them more accessible for research and development of,
among other applications, lectin affinity chromatography, which can currently cost as
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much as $700 USD per 100 mL (GE Healthcare Life Sciences, Product Code 17-044001). Because some forms of glycosylation affect the half-life of the protein in the body,
improvements to this separation technology may translate to enhancing the strength and
efficacy of protein therapeutics.
Chapter 4 summary: The final portion of my PhD work details my approach to
incorporate a phosphonate moiety into ATRP-grafted PGMA tentacles tethered to the
surface of regenerated cellulose membranes. The goal was to develop a new type of
affinity separation targeting Arg-rich regions of proteins or peptides. ATR-FTIR
spectroscopy was performed on membrane surfaces that underwent various reaction
conditions with the ligand D4ABP and catalyst Zn(BF4)2·xH2O. Analysis of these spectra
indicated that in addition to ligand incorporation, some structural rearrangement may be
occurring in the cellulose substrate at long reaction times. Polymer films grown from
silicon wafer model surfaces were characterized with ellipsometery. Although
thicknesses did not change significantly following ligand incorporation, a change in RI
confirmed a chemical change in the ATRP-grafted PGMA. Static capacity measurements
indicate 3 mg/mL binding of lysozyme, a model protein with an Arg-rich region. There
may be potential to increase the ligand incorporation through other reaction approaches,
such as coupling the D4ABP with the GMA monomer before performing ATRP, or using
spacer molecules to reduce the initial number of epoxy groups. However, coupling the
ligand after ATRP-grafted PGMA circumvents challenges associated with ATRP of
complex monomers.
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Chapter 4 conclusions: The impact of a membrane adsorber that targets Arg-rich
or Arg-tagged proteins is the first step in developing a new separation tool for biologics.
As the pharmaceutical market tends toward a more diverse set of biologics drugs, more
types of separation tools that exploit unique features will be of great value. A membranebased Arg-tag separation platform may reduce the number of purification steps, and, if
the binding kinetics are favorable, perform separations significantly faster.

5.2 Recommendations
While the membranes investigated in these studies are motivated by real
challenges in industry, much work remains to be done to make them practical for each
respective application. To highlight important aspects that were not within the scope of
these studies and to facilitate quality analysis methods, I make the following suggestions
for future membrane researchers.
5.2.1 Recommendations for addressing selectivity and resolution of membrane
separations
Each of these studies focused on demonstrating protein binding; however, neither
the selectivity of one protein species over another, nor the resolution of molecular
variants was addressed. In industry these elements directly affect product quality and are
grounds for accepting or rejecting new technologies. Although the complexity of some
commercial product feeds is impossible to simulate (and costly to acquire), performing
chromatography experiments even with simplified feeds is a necessary step for
demonstrating the efficacy of these adsorbers. To assess the chromatographic
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performance of cation-exchange membranes I suggest using mixtures of commercially
available proteins with different isoelectric points (pI values) such as cytochrome c (pI =
10.0 – 10.5), ribonuclease A (pI = 9.6), and lysozyme (pI = 11.4). Bovine serum albumin
could be added to mimic host cell protein (HCP) impurities, which are typically
negatively charged at neutral pH. For the Arg-rich membrane adsorbers, I suggest
measuring the adsorption of trypsin, as its charge and molecular weight are similar to
those of lysozyme but it contains few Arg residues. Much is yet to be learned about how
selectivity and resolution are affected by ligand architecture and stationary phase
morphology (such as membrane pore size). It has been shown that membranes may
demonstrate higher resolution than resins in some cases (Bhut et al., 2010). I would
suggest seeking knowledge on the resolution performance of lectin-affinity membrane
adsorbers as it may be better than Sephadex and other media.
As an aside, membrane module design is not to be overlooked. Even at a small
scale, improper flow distribution and void volumes before or after the membrane bed can
significantly affect separation performance even if the membrane materials are well
designed. I recommend researchers perform sufficient experimentation to validate the
integrity of membrane modules used for dynamic testing. Validation tests should validate
peak asymmetry and the pressure drop across the membrane bed.
5.2.2 Recommendations for measuring static binding capacities
The current method in our lab for measuring static binding capacity uses a 2 mL
cuvette for use in a UV-vis spectrophotometer. A typical experiment consists of one 47
mm membrane in 20 mL of protein solution. After equilibrium is reached, a 2 mL sample
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(10%) can be removed and the change in concentration measured. There are several
reasons why a method that requires less protein solution for analytical measurement
would be beneficial.
Changes in concentration could be monitored over time without significantly
changing the volume of the protein solution. Data collected in this fashion can be used to
determine when equilibrium is reached for a certain system. With a few assumptions,
these data can be fit to a model that would directly obtain the adsorption rate constant, k,
as described in Boi et al. (Boi et al., 2006). This approach would give a much better
understanding of kinetic behavior, which is especially important for designing affinity
adsorbers. With this capability, research questions could be asked such as: How does
polymer chain length or ligand incorporation affect the kinetics and strength of the
binding affinity? Does incorporation of hydrophilic spacers improve binding kinetics?
Requiring less material for analytics means protein binding experiments can be
scaled down, which also has several advantages. Primarily, it makes more types of
experimentation possible. For example, experiments would require less membrane
material for adsorption studies. This is significant because efforts to design high-capacity
affinity adsorbers rely on specific molecular structures that often are obtained with great
effort, such as through organic synthesis of monomers. These new compounds can
require multiple polymerization attempts to understand and optimize reaction conditions.
Thus, conserving specialty monomers and other materials for these experiments is
economically advantageous. Secondly, model proteins (not just mAbs) can be expensive.
Smaller scale protein binding experiments would reduce costs, and permit more
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representative proteins to be used in small quantities. Industrial processes already benefit
from small-scale experimentation or “high-throughput screening” in many forms. This
approach has taken hold in polymer science (Zhang, et al., 2005) as well as membrane
process development (Chandler and Zydney, 2004)
While I have made the effort to use a smaller volume UV cell (Starna 18-Q-10
and 18B-Q-10) with the current Carey UV Spectrophotometer, it resulted in minimal
improvements. My observation was a noisy, low absorbance signal. At first, I thought
this result could be due to scatter caused by transmittance of the beam through the sides
of the cell. However, the same issue was present with the supplier’s suggestion to use a
blackened cell. Additionally, because of the surface tension of aqueous solutions, it was
difficult to clean the cuvette.
I recommend investigating the purchase of an instrument like the NanoDrop 2000.
(At the time of this dissertation, ThermoScientific even has a 1 week “Free Trial
Program” that may aid in assessing its utility). It requires only 1 µL of sample and makes
single wavelength measurements (range of 190 – 840 nm) in about 5 seconds, using a
patented system that automatically optimizes path-length, enabling use for both high and
low concentrations.
5.2.3 Recommendations for using refractive index analysis to quantify small changes in
polymer density (chemistry)
I made an effort to quantify the conversion, or degree of ligand incorporation into
ATRP-grafted PGMA polymer chains by measuring a change in thickness and RI, but the
changes were small, and the results varied. Care was taken to conduct subsequent
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measurements in the same region of the wafer before and after chemical modification.
However, even small changes in measurement location may result in different thickness
values. Performing beam alignment for each sample aids in reducing the variance, but
only to a degree. When relying upon this method to measure small changes, I suggest
using a coordinate system on a translation stage to precisely record the location of each
measurement on the sample wafer. Other members of this group may have even better
suggestions as to how to enhance this method. Although ellipsometery can be a reliable
and very useful technique to measure RI and film thickness changes, I do not recommend
this method for reliably quantifying minor changes.
5.2.4 Recommendations for enhancing capacity and binding kinetics of affinity
membranes
I believe the binding capacities of the affinity adsorbers in this work were
primarily limited by two factors: (1) low ligand incorporation and (2) suboptimal
orientation of ligand groups relative to the target region on the protein. As discussed in
Chapter 4, there are challenges with quantifying the amount of ligand incorporated onto
the ATRP-grafted PGMA. I think it would be valuable to react ligands with GMA prior
to ATRP and compare the binding performance. This follows the hypothesis that simply
adding more ligand will bind more protein.
However, both binding capacity and the rate of adsorption may be altered with a
different arrangement of ligands within the polymer backbone. This follows the
hypothesis that certain orientations of ligands are needed for significant protein binding,
which is what is believed to happen when the “glycoside cluster effect” is observed. In
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such a system the relationship between mass of protein bound and the amount of ligand is
not a linear one. One method to alter ligand arrangement within the given framework
could be to introduce methacrylic acid as a comonomer in different concentrations to be
polymerized with GMA to increase the spacing between the epoxy groups. Subsequent
reaction with dGluc or D4ABP would provide more space between these ligands.
Additionally membrane pore structure and polymer chain length could be varied to see if
they have an effect on affinity binding, as was observed in Chapter 2 for adsorbing
charged species.
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Appendix A
Productivity Calculation
Calculation of productivity for Capto S resin column from data reported in the product
literature
Productivity is defined as the mass of protein that can bind per volume of
adsorbing material per time. It is calculated using Equation A1 (also given as Equation 2
in Chapter 2):

Productivity =

Bdynamic

(A1)  

t break

where Bdynamic (mg protein/mL bed) is the dynamic binding capacity at 10% breakthrough
(i.e., C/C0 = 0.10, where C is the concentration in the column effluent, and C0 is the feed
concentration of protein) under a defined set of operating conditions, and tbreak (min) is
the time from injection until 10% breakthrough. To obtain tbreak from known operating
conditions, Equation A2 is used:

t break =

Bdynamic CV

(A2)

C0 F

where CV is the bed volume (mL), and F (mL/min) is the volumetric flow rate, which can
be obtained from the linear velocity (cm/h) or residence time tres (min) and the column
dimensions.
The Capto S product literature provides dynamic binding capacity data versus
residence time. (See Figure 2 of Data File 11-0025-76 AE for alpha-chymotrypsin.
Additionally, a single data set for lysozyme protein is given in the same Data File in
Table 1: Bdynamic = 120 mg/mL, tres = 1 min, from a 5 mm/100 mm (ID/bed height)
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column, with linear velocity of 600 cm/h.) The lysozyme concentration of 4 mg/mL was
obtained through personal correspondence with GE Healthcare.
Productivities were calculated for various dynamic binding capacities and
residence times for the Capto S column for the conditions presented in the product
literature. Using the column dimensions and conditions for lysozyme binding,

CV = π (0.25 cm)2 (10 cm) (1 mL cm3 ) = 1.96 mL
F=

1.96 mL
=1.96 mL/min
1 min

t break =

(120 mg/mL)(1.96 mL)
= 30 min
(4 mg/mL)(1.96 mL/min)

The productivity obtained from these conditions using Equation S1 is

Productivity =

120 mg/mL
= 4 mg/mL/min
30 min

All calculations used data available in this document: Capto S, Capto Q, Capto
ViralQ, Capto DEAE; Data File 11-0025-76 AE; GE Healthcare: Uppsala, Sweden, 2007.
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Appendix B
Preliminary formulation results incorporating dGluc into PGMA
B.1. Summary
This appendix details the preliminary formulation results for incorporation of
dGluc into PGMA chains grown by ATRP from the surface of regenerated cellulose
membranes. Section B-1 documents how the glycoligand was tested in multiple solvents
to find the condition that afforded the highest dissolved concentration. Section B-2
describes how membranes were prepared using reaction conditions with differing
concentrations and temperatures. Static binding of conA to these modified membranes
indicate condition E (80 mM dGlucHCl, 120 mM TEA, in 50 mL DMSO with stirring at
340 rpm 70 °C for 8.5 hours) gave the highest static binding with the least tedious
procedure.
B.1. Dissolution experiments
B.1.1 Methods
A small mass of dGluc-HCl was added to the following solvents and co-solvents
and placed in an ultra-sonic bath until the solution was free of solids. More dGluc-HCl
was added until solids remained or the solution became cloudy. Table B.1 lists the
maximum concentration of dGluc-HCl in each system.
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MeOH

TEA

20

0.9

0.87

276

0.04

200

60

MeOH

bipyridyl

20

0.0625*

0.09

20

0.00

20

60

DMSO

None

120

0.0

15.91

0

0.13

615

300
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Notes

dissolved in less
than (min):

dGluc-HCl
(mM)

dGluc-HCl
(g/mL)

Co-solvent (mM)

dGluc-HCl (g)

Co-solvent (mL)
* mass in g

Solvent (mL)

Co-solvent

Solvent

Table B.1 Concentrations of dissolved dGluc-HCl in different solvents and co-solvents

Sonic bath,
T = 56 °C,
slight yellow
color
Sonic bath,
colorless
stir plate level
6, room
temperature,
light orange
color

B.1.2 Results
As seen in Table B.1, the solvent DMSO with no co-solvent achieved the highest
amount of dissolved dGluc-HCl. The addition of TEA was used in subsequent studies,
but it did not show an observable change to the mass of dissolved dGluc-HCl.

B.2. Effect of solution refreshing, time, and temperature on static binding
B.2.1 Methods
For each of the reaction conditions listed in Table B.2, membranes were placed in
the reaction solution, sealed and left under various agitation conditions to induce the best
mixing given the temperature setting. For reactions performed at elevated heat, dGlucHCl was added last, as the solution darkened with time and exposure to heat. As
described in the main text, after the reaction, membranes were rinsed with DMSO, then
THF and dried with N2 gas prior to subsequent characterization. Surface characterization
was performed as described in Section 3.2.3; static binding was performed as is detailed
in Section 3.2.4.1.
B.2.2 Results and Discussion
Because the ATR crystal penetrates up to 2 µm into the sample, and the grafted
PGMA layer has been estimated to be less than 100 nm in previous work (Wang, et al.,
2013) it is expected that the spectra appear very similar that of regenerated cellulose
membrane, as well as the membrane modified with PGMA. ATR-FTIR spectra of
samples A-RT, A-70C, B-RT, and B-70C appeared nearly identical to each other, yet
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dGluc-HCl (mM)

TEA (mM)

Agitation

Reaction time (h)

Temperature (°C)

Color at end of reaction

A-RT
A70C
B-RT
B70C
C-RT
C70C
D70C
E70C

Solvent per membrane (mL)

Condition

Table B.2 Reaction conditions and observations

17

615

932

Vortex, 1000 rpm

18

24

cloudy orange

17

615

932

stir bar, 340 rpm

18

70

brown/black

20

80

120

Vortex, 1000 rpm

18

24

transparent colorless

20

80

120

stir bar, 340 rpm

18

70

"cola" brown

50

80

120

Vortex, 500 rpm

92

23

50

80

120

stir bar, setting 7

19

70

transparent, light yellow
dark red/brown, no
transparency

50

80

120

stir bar, 340 rpm

8.5*

70

transparent colorless

50

80

120

stir bar, 340 rpm

8.5

70

transparent colorless
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exhibit faint but consistent differences when compared with the spectrum before dGlucHCl incorporation, as shown in Figure B.1. The peak at 952 cm-1 may be attributed to the
symmetric stretching of aliphatic ether. A more prominent band due to asymmetric
stretching of the C-O-C bond structure usually is observed near 1125 cm-1, but because
cellulose contains a high density of C-OH bonds that also adsorb in this region, the band
is indistinguishable. Static binding experiments indicated that B-70C was the only sample
with measurable lectin adsorption, at 2.4 mg/mL. It is also noted that reaction solutions
darkened with time, and more profoundly with high temperatures.
This darkening suggests that the Malliard reaction, a common reaction between
carbonyls and amines that is observed in the browning of sugar- or carbohydratecontaining food products when exposed to heat, was a competing side reaction, and
degraded the dGluc-HCl. However, heat seemed to be necessary to facilitate ring-opening
and incorporate the glycoligand. Martins et al. (Martins et al., 2004) discuss more
information on the Malliard reaction including the effects of temperature, pH, and initial
concentration. The next set of conditions tested (C-RT, C-70C, D-70C, E-70C) used
larger solution volumes, which increased the molar ratio of dGluc-HCl to epoxy groups,
but maintained the lower concentration of 80 mM dGluc-HCl. For the elevated
temperature conditions, shorter reaction times were employed, and the effect of
refreshing the reaction solution during the reaction period was tested. To identify if a
longer reaction time at room temperature would sufficiently incorporate the glycoligand
and avoid reactant degradation, the time was extended to over 90 h. The FTIR spectra of
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Figure B.1 ATR-FTIR spectra of (a) unmodified RC60 membrane, (b) grafted PGMA
layer; and spectra after glycoligand incorporation via (f) condition A-RT, (g) condition
A-70C, (h) B-RT, (i) B-70C. Highlighted peaks at 1730 cm-1 and 951 cm-1.
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membranes modified under these conditions are shown in Figure B.2, and the static
binding capacities are given in Figure B.3.Through direct measurement of conA
adsorption, I concluded that increasing the ratio of dGluc to epoxy group did increase the
amount of glycoligand incorporation, and thus, lectin uptake. Terminating the reaction
sooner led to higher binding capacities, which I attribute to the dGlug-HCl reacting with
the epoxy group faster relative to the degredation via the Malliard reaction. Replacing the
reaction solution did not appear to have an effect on glycoligand incorporation under the
tested conditions.

B.3 References
Martins, S. I. F. S.; Van Boekel, M. A. J. S.; Food Chemistry 2005, 92, 437.
Wang, J.; Sproul, R. T.; Anderson, L. S.; Husson; S. M. Polymer 2013, 55, 1404.
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Figure B.2 ATR-FTIR spectra of (a) unmodified RC60 membrane, (b) grafted PGMA
layer; and spectra after glycoligand incorporation via (c) condition C-70C, (d) condition
D-70C, (e) condition E-70C.
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Figure B.3 Equilibrium capacity of membranes after dGluc incorporation. Error bars
represent standard deviation of the measurement of two or three samples.

135

Appendix C
Catalyst-assisted glycoligand reaction
This appendix details my work using Zn(BF4)2 as a catalyst to facilitate the epoxy
ring-opening reaction at room temperature, similar to my work in Chapter 4. DMSO was
selected as a solvent because it solubilized both D-Gluc-HCl as well as the catalyst. I
hypothesized that adding the Zn(BF4)2 catalyst to the reaction solution of DMSO, TEA,
and D-Gluc-HCl would facilitate the epoxide ring-opening reaction such that low
temperatures and short reaction times will be sufficient to incorporate the glycoligand.
High-temperatures are what I believe caused the degradation and browning of D-GlucHCl.

C.1 Methods and Characterization
Membrane Modification: The reaction solution was the same as E-70C, except
that the TEA was in a 1:1 mol ratio to the D-Gluc-HCl. This way excess TEA would be
not be available to react. (The tertiary amine has lown potential to react with epoxide
group). Catalyst was added in slight excess, a 1.1:1 mol ratio with D-Gluc-HCl.
ATR-FTIR spectroscopy was performed in the same fashion according to other
experiments.
Equilibrium Protein Binding: After modification, membranes were soaked in
DMSO, then THF, and then dried before being immersed in binding buffer. The same
procedure followed as with other conA binding: 5 mL of 1 mg/mL conA solution was
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used for each 47mm diameter membrane and placed on a shaker bath for 21 hr (80 rpm,
22° C).

C.2 Results and Discussion
Membrane modification: All reactants dissolved in solution. A sonication bath
was used for less than 5 minutes to dissolve the catalyst. Swirling on shaker table (30 or
40 rpm) was sufficient to dissolve the d-Gluc-HCl. After 24 h, the reaction solution had a
slight pale tint, but remained transparent. After 70h, the reaction solution as a dark yellow
orange color, still transparent.
ATR-FTIR spectroscopy: The membranes that were reacted for 24 hr and 70 hr
had three noticeable differences from the PGMA modified membranes. (1) The peak near
1642 cm-1 appeared larger, and may be attributed to adsorbed water. A membrane that is
more hydrophilic may cause this. (2) There is a unique peak at 951 cm-1, which may be
associated with the cellulose structure. This peak may be an indication that cellulose
structure has been altered, or that the ligand (glucose) is attached, as it has a molecular
structure similar to cellulose. This peak was present in modifications with D-Gluc that
did not use a catalyst. (See Figure C.1) (3) The peak near 1060 cm-1 appears less intense
relative to the peak at 1015 cm-1 after modification. This peak near 1060 cm-1 is attributed
to asymmetric in-plane ring stretching. It may be another indication that the cellulose
structure has been changed after the reaction. This was also observed after the reaction
with D4ABP that used the catalyst. The attribution of these peaks (other than peak near
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Figure C.1 ATR-FTIR spectra of regenerated cellulose RC 60 membrane with (A) no
modification, (B) PGMA ATRP for 21 hr, (C) reaction C-70C, (D) reaction D-70C, (E)
reaction E-70C, (F) 24 he reaction with Zn(BF4)2 x H2O, and (G) 70 hr reaction with
Zn(BF4)2 x H2O. Dashed line indicates 950 cm-1.
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950 cm-1) was confirmed by experimental work done Chinkap et al. (Chinkap et al.,
2004) and by the literature values reported in that reference.
Equilibrium Protein Binding: After 21 hr of static binding, the protein solution
was tested using UV-vis spectroscopy. The solution containing the membrane that
underwent 24 hr reaction contained a white particulate, almost like small dust particles.
The solution containing the membrane that reacted for 70 hr was very hazy and white.
The turbid appearance is confirmed in the UV spectrum for this solution, which has high
absorbance (See Figure C.2). All solutions (including controls) were filtered with 0.45
um filter and then retested with UV spectroscopy. The spectra did not change much
before and after filtration for the controls (no membrane, unmodified membrane) but a
slight change was observed for the solution containing membranes that underwent a 24 hr
reaction, and a significant change was observed for the solution containing membrane
that underwent the 70 hr reaction. This was supported by the fact that after filtration these
solutions were visually clear and without any particulate.
The absorbance values of the filtered solutions were used to calculate the
following static binding values: unmodified 4 mg/mL, d-gluc-cat-24h 1 mg/mL, d-gluccat-70h 35 mg/mL. The dGluc ligand may be present in the particulate, and because the
conA may have adsorbed to dGluc that was filtered out of solution, this does not
necessarily mean conA was adsorbed to the in tact portion of the membrane.
I hypothesize that the catalyst-assisted reaction is degrading the cellulose, similar
to what was observed for the D4ABP chemistry (discussed in Chapter 5). There seemed
to be more degradation with longer times, as the 70 hr reaction solution was much more
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Figure C.2 Spectra from UV-vis analysis of various conA solutions after 21 hr static
binding. Dashed lines are filtered solutions.
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hazy than the reaction solution that went for 24 hr. There is literature (Xu and Chen,
1999) that suggests zinc can complex with glucose and cellulose structures in zinc
chloride solutions. For cellulose, the complex may be further affected in the presence of
CaCl2 (which is contained in the protein solution because it is necessary for conA
binding) even when present in low concentrations. This would explain why only after
exposing the solution to the aqueous lectin solution was the hazy solution observed. It
should be noted that I do not know if the observed haziness was degraded cellulose or
insoluble D-Gluc.

C.3 Recommendations
There are several experiments I would suggest to clarify these issues. I
recommend testing a control that uses the reaction solution (DMSO, TEA, D-Gluc-HCl,
catalyst) with the unmodified membrane. I suggest this be done along with some analysis
of the resulting solution (turbidity, or UV-vis) to understand to what degree this reaction
is taking place over time. This could also be done without D-Gluc-HCl, and with the
same mol amount of HCl to determine which is the source of the observed haziness.
Results from my work with the D4ABP suggest a short time (2 hr) was sufficient for the
ring-opening reaction to occur to some extent, and short enough that cellulose structure
was not significantly altered (as observed by FTIR spectroscopy).
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Appendix D
Glucose monomer synthesis, polymerization, and binding studies
This appendix summarizes and discusses preliminary work to create membranes
modified with a glycopolymer to make affinity adsorbers. Briefly, the objective was to
synthesize 2-deoxy-2-methacrylamido-D-glucose (MAG) by following a protocol from
literature (Korzhikov et al., 2008), grow polyMAG chains from the surface of
regenerated cellulose membranes using a low-temperature water-assisted ATRP
formulation of Ye and Narain (Ye and Narain, 2009) with slight modifications needed for
surface-initiated ATRP. Section 1 gives the revised procedure and results of MAG
synthesis. Section 2 summarizes formulation work to obtain ATRP conditions to grow
polyMAG chains from the internal pore surfaces of regenerated cellulose. Section 3
presents the static binding of conA and BSA.

D.1. MAG Synthesis
D.1.1 Methods
The procedure described by Korzhikov et al. (Korzhikov et al., 2008) guided the
reaction conditions given here. Noted modifications include: A target of 3.0 g product
instead of 24.5g, the addition of MEHQ to prevent homopolymerzation.
Step 1: In a three-necked round bottom flask (250 mL), 1.9 g (0.018 mol) TEA,
and 3.7 g (0.017 mol) d-glucosamine HCl, was added to 100 mL MeOH and stirred at
500 rpm, followed by 29 mg MEHQ to ensure reaction solution would contain over 200
ppm. Sodium chloride and ice (approximately 3:1 by volume) was combined to create an
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ice bath in the range of -5 to 0 °C to cool the reaction solution. The headspace of the
reaction vessel was continually flushed with N2 gas. During the following hour, four
batches, totaling 2.0 mL (0.021 mol) of methacryloyl chloride and 1.9 g (0.018 mol) TEA
was added to the reaction solution. The following 3 hours were kept to a tempareture
range of 5-10 °C, and then let to come to room temperature and sit overnight, under the
N2 blanket and vigorous stirring throughout. A white solid residue was deposited on the
sides of the flask with cloudy white solution. The reaction solution was vacuum filtered
through a Whatman 50 filter. The filtrate was collected and the MeOH was removed with
a rotary evaporator (100 rpm, T = 26-30°C, to facilitate final solvent evaporation)
resulting in a solid white paste. Care was taken not to heat the product. Prior attempts
with higher heat resulted in an orange product that was not pure. The product was
refrigerated until the next step.
Step 2: The product was divided into two samples, which were each rinsed with
CHCl3 (batch #1: 65 mL, 2 washes; batch #2: 114 mL, 3 washes) over filter paper in a
vacuum filtration apparatus, then placed in the vacuum oven overnight (25°C, ~20mm
Hg). The dry product appeared white and chalky, and was refrigerated until the following
step.
Step 3: Various crystallization methods were attempted from EtOH that did not
involve heat: solvent evaporation at room temperature, submersing the solution in the
freezer, cooling slowly with chilling bath. None of these methods produced crystals, and
most of the original solid did not dissolve. To force the product into solution it was
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heated in EtOH until the solution was no longer cloudy, about 50°C. This solution was
allowed to cool and the white solid precipitate was recovered and tested using NMR.
D.1.2 Results and Discussion
After the CHCl3 wash in Step 2, product yield was as expected, approximately 60
%. After the crystallization in Step 3, product yield was 15%. Figure D.1 shows the
molecular structure. Figure D.2 and Figure D.3 show the NMR results of MAG dissolved
in D2O after Step 2 and Step 3, respectively. The peaks were in good agreement with
literature values. The triplet at 3.52 ppm is attributed to small amounts of residual TEA.
Because little difference was observed between the 1H NMR spectra, and because
product yield decreased after Step 3, product recovered after Step 2 was used as
monomer for surface-initiated polymerization.

Figure D.1 Structure of target glucose monomer, 2-deoxy-2-methacrylamido-D-glucose
(MAG)
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Figure D.2 1H NMR (300 MHz) of MAG dissolved in D2O. Sample after CHCl3 wash
(Step 2). δ (ppm): 1.84 (s, 3H, CH3), 3.35-3.85 (m, 6H, sugar moiety 6 ✕ CH), 4.67-4.70
(d, 0.43H, β -CH, and H2O), 5.12-5.13 (d, 0.57H, α –CH), 5.37 (s, 1H, Me-C=CHH),
5.61 (s, 1H, Me-C=CHH).
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Figure D.3 1H NMR (300 MHz) of MAG dissolved in D2O. Sample after EtOH
recrystallization (Step 3). δ (ppm): 1.83 (s, 3H, CH3), 3.35-3.88 (m, 6H, sugar moiety 6 ✕
CH), 4.67-4.69 (d, 0.43H, β -CH, and H2O), 5.12-5.13 (d, 0.57H, α –CH), 5.37 (s, 1H,
Me-C=CHH), 5.60 (s, 1H, Me-C=CHH).
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D.2. Surface-initiated atom transfer radical polymerization
D.2.1 Methods
Membranes were modified under conditions summarized in Table D.1. For the
desired Cu(I)Cl concentration and coordinating ligand tris[2-(dimethylamino)ethyl]amine
(Me6TREN) disproporationation was observed in the DMF/water solvent. This was
overcome by adding pyridine, which has a low disproporationation equilibrium constant.
Table D.1 Membrane initiation and ATRP reaction conditions
Membranes:
Initiation:
ATRP:

Whatman RC60 1.0 um, 47mm diameter
18uM 2-BIB in THF, 2h stirring at Tglovebox = 30-35 ºC
102 mM MAG in DMF/Water (80/20 v/v), 7.5 mM Cu(I)Cl, 22.5 mM Me6TREN,
750 mM pyridine, 24h at Tsoln = 10 – 17 ºC, 10 mL per membrane

D.2.2 Results and Discussion
The surface was characterized with ATR-FTIR spectroscopy after initiation and
after ATRP shown in Figure D.4. The peak at 1652 cm-1 changed shape from rounded to
pointed, and grew in intensity. This pointed peak in this location lends to the presence of
nitrogen in the form of an amide carbonyl rather than a hydration which is characterized
by a rounded peak, such as the vibrations from C=O stretching. This was interpreted as
confirmation of MAG incorporation.
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Figure D.4 ATR-FTIR spectra after 2-BIB initiation and ATRP of MAG.
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D.3. Equilibrium binding
D.3.1 Methods
Buffer B consisted of buffer B: 10 mM HEPES, pH 7.4 (using 1M NaOH
solution), with 0.1 mM Ca2+. Buffer E2 comprised of buffer B with 200 mM alpha-methyl
mannoside, 200 mM alpha-methyl glucoside. Modified membranes were equilibrated in
buffer B (30 min) and then placed in 40 mL jars (I-Chem short, wide-mouth, Fisher
Scientific) containing 10 mL of conA or bovine serum albumin (BSA) solution (1
mg/mL, filtered with 0.22 um cellulose acetate syringe filter) in buffer B. The jars were
placed on a shaker bath (50 rpm, 22 ºC) for 24 h. A calibration curve between UV
absorbance and concentration was used to measure the final concentration, and a mass
balance (accounting for the mass of pure B initially in the membrane) was used to
determine the initial and final concentrations, and thus, the total mass of adsorbed protein
per volume membrane (mg/mL). After measurement, membranes were rinsed with B,
then submerged in buffer E2 for 30 min, followed by a fresh solution of E2 overnight, and
then equilibrated in buffer B (30 min) in preparation for the next static binding
experiment. For longer storage, sodium azide at 0.08% w/w was added to B to prevent
microbial growth.
D.3.2 Results and Discussion
Presented in Figure D.5 are the initial and final concentrations of lectin solutions.
Because the values are all within the calculated propagated error associated with the
measurement technique, the amount of conA adsorbed to the modified membrane was
determined to be minimal. Because the synthesis procedure was time-intensive, provided
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little monomer, and the equilibrium binding capacities were low, this method was not
pursued further. If this approach were to be followed through, I would suggest the
polymer chain growth kinetics should be studied from a model surface (e.g., silicon
wafer) to target maximum degree of grafting

D.4. References
V.A. Korzhikov, S. Diederichs, O.V. Nazarova, E.G. Vlakh, C. Kasper, E.F. Panarin, et
al. Water‐soluble aldehyde‐bearing polymers of 2‐deoxy‐2‐methacrylamido‐D‐glucose
for bone tissue engineering. J Appl Polym Sci, 108 (2008) 2386.
J. Ye, R. Narain. Water-assisted atom transfer radical polymerization of Nisopropylacrylamide: nature of solvent and temperature. The Journal of Physical
Chemistry B, 113 (2008) 676.
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Appendix E
Bisphosphonate monomer synthesis
This appendix briefly summarizes studies completed in effort to synthesize 5methacryloylamino)-m-xylene bisphosphonic acid tetramethylester (5-MA-mxBAT). A
brief scheme showing the intermediate products is given in Scheme E.1. Intermediates
were characterized by comparing Rf values with literature after thin layer
chromatography, as well as by 1H and 31P NMR.

E.1 Methods
Initial work was guided by literature that first performed the phosphonate reaction
(c) on the benzylic compound with multiple Br groups and subsequently purified the
desired intermediate, 5-Nitro-mxBAT(Renner et al., 2006). This method reported yield of
18% over steps (a) - (c), 85% over (d) and 83% over (e).

E.2 Discussion and Results
The intermediate (5-Nitro-mxBAT) obtained after step (c) yielded low quantity
with residual trimethylphosphite (TMP). With improved techniques, some crystals were
formed which gave the NMR sepectra in Figure E.1 and Figure E.2. These NMR spectra
were compared with those obtained form earlier methods. Residual TMP was reduced.
An alternative method was taken to purify the singly brominated groups first, followed by
reaction (c), which was guided by other literature that reported a 75% yield for the
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Scheme E.1: Multiple intermediate molecules to arrive at 5-Amino-mxBAT. Briefly, the
steps involve (a) Whol-Ziegler reaction, 13 h reflux; (b) silica gel chromatography; (c)
phosphonate reaction, 5 h reflux; (d) hydrogenation using PdC, 15 h stir under H2; (e)
catalyst-assisted incorporation of methacrylate, 0°C 2 h.
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Figure E.1 1H-NMR (CDCl3, 300 Hz): δ(ppm) = 3.25 (d, 4H); 3.76 (d, 12H); 7.28 (s,
solvent CHCl3); 7.61 (m, 1H); 8.06 (m, 2H). Low ppm shifts attributed to unreacted
trimethylphosphite.
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Figure E.2 31P NMR (CDCl3) δ(ppm) = 27.2-27.6 ppm: target bisphosphonate
intermediate, 33.7-33.9 ppm: unreacted trimethylphosphite.
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benzylic compound containing the monobromide groups (Liu et al., 2001). However,
subsequent reaction steps were time-intensive and yields remained relatively low.
To achieve higher yield, these reaction steps would require improved execution of
organic synthesis techniques. Even with my best efforts the following issues likely
caused low yields. I monitored reaction temperature through means that could not
achieve a tight control (no feedback). Basic recrystallization techniques did not yield a
high number of crystals, thus a large amount of product was lost through subsequent
filtration steps. More specialized equipment and polished techniques would improve this
synthesis method. This synthesis was not pursued further because these of time and
constraints and lack of resources.

E.3 References
P. Liu, Y. Chen, J. Deng, and Y. Tu. An Efficient Method for the Preparation of Benzylic
Bromides. Synthesis-Journal of Synthetic Organic Chemistry, (2001) 2078.
C. Renner, J. Piehler, and T. Schrader. Arginine-and lysine-specific polymers for protein
recognition and immobilization. J.Am.Chem.Soc., 128 (2006) 620.
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Appendix F
Notes for PGMA synthesis for dip coating
F.1. Materials and Methods
Inhibitors were removed from glycidyl methacrylate (GMA) with the appropriate
inhibitor removed by using an inhibitor remover column. Ten milliliters of GMA, 15 mL
of MEK, and 0.10 g AIBN were added to an Erlenmeyer flask along with a stir bar. The
flask was sealed with a rubber septum and continually purged with low flow of N2 via
two needles (one inlet, one outlet). The flask was placed on a stirrer hot plate set to
approximately 240 rpm (level 4) and 60°C. After 1.5 h the solution was removed from
the heat and allowed to cool for 1 h. (1) The PGMA solution was added drop-wise to 30 –
50 mL ethyl ether. (2) The solid precipitate removed from the solution and placed into 30
mL of fresh MEK at room temperature. The solution was stirred aggressively (level 10)
for approximately 10 min until the solid was dissolved. Once homogeneous, this solution
was poured into 30 mL of ethyl ether. Steps (1) and (2) were continued to produce two
samples: (a) two precipitations and (b) four precipitations.
Samples were dried for 18 h in the vacuum oven (25 to 30 in Hg) under the
following temperature conditions: sample (a) a range of 25 – 40 °C, sample (b) 25 °C.
The solubility of each sample was tested by preparing a 0.5 wt % MEK solution.

F.2. Results
The mass of the PGMA samples was recorded after vacuum drying: sample (a)
weighed approximately 0.2 g and sample (b) weighed 0.4 g. The molecular weight of
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PGMA was measured using gel permeation chromatography (GPC) to be 290,000 g/mol
with a polydispersity of 1.7 .

F.3. Observations and Suggestions
After removing the solution from the heat, the PGMA in MEK was more viscous,
like warm honey. When performing the precipitations in ethyl ether, the PGMA
precipitated immediately to a white solid.
A variation on this procedure that should not affect the end molecular weight is to
use a centrifuge to separate the precipitated PGMA from ethyl ether. My work indicated
that additional precipitation steps and slight changes in oven drying temperatures did not
result in a significant change in the molecular weight distribution (PI ~ 1.7) or molecular
weight (~290,000 Da).
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Appendix G
Protocol for silicon wafer preparation and PGMA dip coating
This appendix gives the protocol for cleaning silicon wafers and preparing them
for subsequent ATRP surface modification. The calculation sheet referenced later in this
appendix uses the Landau-Levich Equation

ℎ = 0.94  

!" !/!
! !/! !" !/!

to relate dipping speed (v) to film thickness (h) using surface tension (ϒ), density (ρ),
gravitational acceleration (g), and viscosity (η).
---------------------------------------------------------------------------------------------------------Prelab: Polymerize GMA, and prepare 0.5 wt% PGMA in THF, CHCl3, or MEK
solution.
Chemicals needed
- PGMA
- THF, CHCl3 or MEK (pick one)
- DI water
- Sulfuric Acid (96 wt%) (3 parts)
- Hydrogen Peroxide (30 wt%) (1 part)
- N2 gas line
Gather Materials
- 1 L beaker with 700mL water
- test tubes (n, same # as Si chip samples)
- foil
- special tweezers for picking up wafers (bent tips)
- 2x200-500mL beakers (washed and oven dried)
- 2x100mL graduated cylinders (washed and dried)
- Petri dishes, covered with foil, with plastic cover (to protect Si chips)
- glass rod
- container for piranha waste (found in corrosives cabinet)
- silicon wafers, (tests done in duplicate, n Si chips= 2x# of conditions)

160

PreLab
o Prepare 0.5wt% PGMA in THF, CHCl3 or MEK. Total volume can be around 2030 mL. Keep in sealed vial at room temp. You do not want solvent evaporating.
Preparing Silicon Wafers for Piranha Wash
o Heat ~700mL water on hot plate to temperature of 80C (will take ~1h)
o On foil sheet, pick and lay out silicon wafer chips, punched out from silicon wafer
o Etch a sample # onto the top of each sample (i.e. 1 – n) with a broken Si chip.
You might not be able to see your marks, so use another method to keep track of
which chip is which, like numbering the test tubes.
o Place each chip into a clean dry test tube, with the # toward the top of the tube
o Fill each test tube about half full with DI water. Place them in a test-tube rack and
then into the sonication bath for 20 min.
o Remove test tubes from sonication bath. Pour out DI H2O into waste collection
flask. Dry each chip with N2 gas from the line in the wall. Place the dried chip on
a foil-covered petri dish. When done, cover each dish with more foil.
o At this point, elipsometer measurements can be taken to measure the height of
SiO2 on the surface of the Si wafer. It should be close to 2 nm.
o If re-using the test tubes for the Pirhana wash, clean them and place them in oven
to dry.
Making Piranha solution and Washing Silicon chips [Caution: Work should be done in a
hood away from any organics.]
o Have ready: oven-dried test tubes (one for each chip), hot water bath, 2 ovendried 200-500mL beakers, 2 graduated cylinders, glass rod for stirring, chemical
hood free of organic materials and heat sources. The duplicate graduated cylinders
are used to measure the sulfuric acid and the hydrogen peroxide separately. The
duplicate beakers are for mixing the piranha solution and for collecting the waste
solution.
o Each test tube needs 9-15mL of piranha solution. 9mL x n = total volume. The
piranha solution is 3:1 (v/v) Sulfuric Acid (96 wt%) Hydrogen Peroxide (30 wt%)
o Calculate the volume needed of each component (for n = 8, total ~ 80, SA =
60mL, HP = 20mL)
o First pour acid into beaker, then add the peroxide. Note: this is backwards from
usual acid/water mixing procedure. Bubbles (O2) will be produced, as well as
heat. Stir to dissipate bubbles.
o Put wafers back into dry test tubes (# toward the top). Pour 9-15mL into each
tube, and place it into the hot water bath. Let heat for at least 1 h.
o Pour piranha solution out of each test tube and into the holding beaker. This will
go to Pirhana waste.
o Pour/squirt DI H2O into the test-tubes (still containing Si chips). Sonicate 15 min.
o Pour out DI H2O, remove chip from test tube, rinse chip with DI H2O and dry
with N2 gas line. Note the change in hydrophobicity from before (should wet
more now). Place dried chip in foil tray with individual slots for each chip,
labeling each one (depending on the size, you can fit 2 or more chips in each petri
dish).
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o Measure the Silicon Dioxide layer here.
Dip Coating: Material Science lab
o With permission from Dr. Luzinov, make arrangements to visit the lab with the
dip coater in the basement of Sirrine. [Note: As of 2014, we have a dip coater in
the Husson lab.]
o Enter clean room portion of lab.
o Some parameters for the Dip Coater:
o speed (mm/min): down: 200-500; up: 200-500
o immersions req/done: 2/2
o Raise to (mm): 40
o Immerse to (mm): 121
o Wait @ top (sec): 0
o Wait @ bottom (sec): 0
o Some guidelines on concentrations, speeds and thicknesses:
o For 0.5wt% PGMA in THF:
 speed: 500 mm/min → thickness: 20 nm
 speed: 62 mm/min → thickness: 5 nm
 (thickness a/thickness b) ~ (speed a/speed b)^(2/3)
 faster dipping, smaller vials of solution → less deviation in
thickness
 Bharat Bhut paper (J. Memb. Sci. 2008, p. 181) reports:
• 8 nm ± 0.5nm = PGMA dry layer
• 10 nm ± 0.5nm = PGMA + bromopropionic acid initiator
o Also see calculation sheet to get a more precise estimate
Annealing
o In an oven set to 110°C, place Si chips (keep them in glass test tubes) and pull
vacuum to (400-667 Pa, or 3 – 5mm Hg). Let be for 30 min. This step is done to
react some epoxy groups to silanol groups on Si surface.
o Soak in PGMA solvent, THF, then the PGMA solvent, each for 30 minutes. Dry
with N2 gas line.
o Elipsometer measurements should be taken here. Typically 3 or 4 measurements
are taken for each chip, starting at the “top” (where a number was etched) and
working toward the “bottom.”
Deposition of Initiator
o Take a clean dry schlenk tube (100mL) and place silicon chips inside, lying out
carefully so they do not scratch each other, and so you know which one is which.
In a round flask (25-100mL) with 24/40 ground opening, weigh out about 0.003
mol of initiator (for BPA, that is ~0.5g). If you are unsure how much initiator to
use, the danger to consider is when you heat to 100°C you can create a positive
pressure too high within the schlenk tube, and acidic gas will fill the oven. Do a
quick PV=nRT calculation to make sure you are < 1atm for the given temperature
and mole quantity. Place this round flask onto the schlenk tube and clip so joint
stays secure. Pull slight vacuum on schlenk tube (400-667 Pa, or 3-5 mm Hg).
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Test tubes can be used, with rubber stoppers, and they can be evacuated to
1.3x10^3 Pa, as well.
o Place into oven at 100°C for 18 h— The purpose is to form α-bromoester initiator
groups on PGMA surface, and 18 hours is when equilibrium is achieved in the
initiator deposition layer. (See Liu et al. Langmuir 2004, 20, 6714.)
o Wash with your solvent (CHCl3, THF or MEK), then H2O. Repeat sequence. Or
soak in MEK for 10 min, then rinse with MEK three times. For how long, the
solvent, and whether there is sonication or not varies in literature, but be aware of
what is compatible with your initiator, membrane substrate, etc. and keep it
consistent. Then dry with N2. Or if you do not plan to do ATRP next, you can
store in the ATRP solvent, or the PGMA solvent until you are ready.
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Appendix H
D4ABP in various solvents

Methanol,
anhydrous,
99%

2-Propanol,
Lab Grade

Water:
Acteone
(15:1, v:v)

DCM

0.122

5.0

0.024

0.397

5.0

0.079

0.713

5.0

0.14

0.123

5.0

0.025

0.447

5.0

0.089

0.111

5.0

0.022

0.315

5.0

0.063

0.615

5.0

0.12

0.101

5.4

0.019

0.290

5.4

0.053

0.290

13.1

0.022

M

g/mL

Solvent
(mL)

Solvent

D4ABP
(g)

Table H.1 Tested concentrations and observations for D4ABP in various organic
solvents

Observations

dissolved easily, tan and clear (not
0.10 hazy)
dissolved easily, darker, weak
0.33 coffee color
dissolved easily, light sweet tea
0.59 color
had to swirl about 30 times to
0.10 dissolve fully, light tan, hazy
had to swirl about 30 times to
dissolve fully, medium tan, very
0.37 cloudy
had to swirl about 15 times to
dissolve fully, light tan and clear
0.091 (not hazy)
had to swirl about 15 times to
0.26 dissolve fully, darker, still light tan
swirled about 15 times, almost all
dissolved; crystals at the bottom
eventually dissolved, weak coffee
0.51 color
dissolved immediately, light tan,
0.076 transparent, very faint cloudiness
not fully dissolved; medium tan
0.22 color, starting to be more cloudy
not fully dissolved, slightly hazy,
0.091 light tan color
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